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SYNOPSIS

This thesis entitled “Organostibonates: Synthesis, Reactivity Studies and Investigating the

Ligating Behavior of Organostibonate Pro-ligands towards Transition metals and

Lanthanides™. 1t is divided into five chapters and details of each chapter are given below

Chapter 1

Introduction

In the introduction chapter, detailed study of the historical background and synthesis of
organostibonic acids are given in detail.Synthesis and structural characterization of
organostibonic acids with main group elements, transition metals and different bases have also
studied. Biological applications of organostibonic acids and some antimony compounds have
been discussed in detail. Brief literature survey of organoantimony compounds and their
reactivity studies have been discussed. In addition, this chapter also includes brief introduction to
polyoxometalate(POMs) chemistry and the synthesis and structural properties of few literature

reported antimony polyoxometalates.
Chapter 2

Monoorganoantimony (V) Phosphonates and PhosphoSelininates

The chapter deals with the synthesis and structural characterization of molecular oxo-hydroxo
clusters based on monoorganoantimony(V) motifs which has been assembled by reactions of

arylstibonic acids with protic ligands like #-butylphosphonic acid, phenylphosphonic acid,




phenylseleninic acid and #-butylsilanetriol. Interestingly reaction of arylstibonic acid with #-
butylsilanetriol has led to the isolation of organoantimony(V) based molecular triangle stabilized
by siloxane frameworks. Single crystal X-ray structural elucidation revealed the formation of
[(p-1Pr-CsHaSb)4(OH)a(+-BuPO3)6](2.1),  [(p-1-Bu-CeH4Sb)4(0)2(PhPO3)4(PhPO3H)4](2.2),[(p-
iPr-C4H4Sb)4(0)4(PhSeO;,),(-BuPO3)4(-BuPO3H;),](2.3), [(p-Me-CcHaSb)4(O)4(PhSeO,),(2-
BuPOs3)4(2-BuPOsH;),](2.4) [(p-t-Bu-CcH4Sb),(O)(PhSeO,),(--BuPOsH)4] (2.5) and [(p-iPr-
CsH4Sb)3{(#-BuSi0,)4(-BuSiO,0H), } (u3-O)(u-OH),]  (2.6) respectively. ESI-MS studies
revealed that the clusters maintain their structural integrity in solution too. Solution NMR studies
('H, *'P, "’Se and »Si) show spectral patterns which correlates well with the observed solid state

structures of 2.1-2.6.

RSbO;H,.(H,0),
CH;CN ‘ r.t,24h
‘BuPO;H, ‘BuPO;H,
l PhPO;H, l PhSeO,H PhSeO,H

t-BuSi(OH),

p-1Pr-PhSbO;H, m \
3 s

2.6

Figure 1: Synthetic scheme and solid state structures of Organostibonic acid- Phosphonate and
phosphoselininatecomplexes




Chapter 3
Base Induced Assembly of Hexa-, Undeca- and

TetradecanuclearPolyoxostibonates

The chapter deals with the isolation and structural characterization of novel organoantimony(V)
based polyoxometalates. (RSb)4(OH)4(-BuPOs3)¢ and (RSb),(O)(+~-BuPO3;H)s independently in
the presence of pyridine as a base under solvothermal conditions which affords
hexanuclearorganoantimonate clusters [(RSb)e(3-O)2(12-O)s(-BuPOs3)4], [where R = p-iPr-C¢Hy
(3.1) and p-Cl-C¢Hy (3.2)]. Further, reaction of organostibonic acids with diorganophosphinic
acid (diclyclohexyl, diphenyl phosphinic acid) in presence of a tetraethyl ammonium hydroxide
affords colorless products which on structural characterization reveals the formation of
undecanuclear and tetradecanuclearpolyoxostibonates stabilized by phosphinates binding in the
peripheral part of the POMs Nas(p-MeCgHsSb);1(0)25{(CsH11)2PO2}2 (3.3) and Nay(p-iPr-
C6HaSb)14(0)25(PhaPOy)s (3.4).

( )

‘BuPO;H, [ Pyridine
—>[(RSb)4(OH)4(BuPO3)q]

MeOH

3.1

AerO3H2

34

- J

Figure 2: Synthetic scheme and solid state structures of Organostibonic- phosphinate complexes.



Chapter 4
Transition metal stibonate-phsophonate clusters:

Isolation of M,Sb, (M= Mn, Co, Ni & Cu) Clusters

The chapter deals with the synthesis and structural characterization of arylstibonic acid-transition
metal based molecular phosphonate clusters.Arylstibonic acid phosphonate pro-ligand, [(p-iPr-
CeH4Sb)4(OH)4(2-BuPO3)s] was  synthesized by condensation reaction of p-
isopropylphenylstibonic acid (ArSbOsH;) with #-butylphosphonic acid. It contains four antimony
centers forms a puckered eight-member SbsO4 core held together by six #-butyl phosphonates.
Reaction of transition metal acetate with antimonate-phosphonate pro-ligand [(p-iPr-
CsH4Sb)4(OH)4(-BuPOs)s] under solvothermal conditions in methanol, in the presence of
pyridine as a base produced novel arylstibonic acid-transition metal based phosphonate clusters
(compounds 4.1-4.4). Single crystal structural elucidation revealed the formation of [M,((p-iPr-
Ce6HaSb)4(13-0)2(12-0)2(12-OCH3)4(1-BuPO3)4(Py),.2CH;0H]  {M= Mn(4.1), Co(4.2), Ni(4.3)
and Cu(4.4)}.

CH;CN _
ﬂISbO;Hg + tBlJPO;Hg_ T [ '1Fr'C6H48h}4(OH}4(tBUPO3}6]
I,

i
[(p-iPr-C4H,Sb)(OH)4(BuPOs)¢] + M(OAC), W
3

M=Mn(4.1), Co(4.2),
Ni(4.3) and Cu(4.4)

Figure 3: Synthetic scheme and solid state structures of Transition metal stibonate-phsophonate
clusters




Chapter 5

Stibonate-Phosphonate Cluster Stabilizing Lanthanide ions (Ln = Pr, Gd &
Dy)

The chapter deals with the synthesis, structures and magnetic properties of a family of lanthanide
complexes containing antimonate-phosphonate ligands.Arylstibonic acid phosphonate pro-
ligand, [(p-1Pr-C¢H4Sb)4(OH)4(2-BuPO3)s] was synthesized by condensation reaction of p-
isopropylphenylstibonic acid (ArSbOsH;) with #z-butylphosphonic acid. Reaction of hydrated
lanthanide acetate salt with antimonate-phosphonate pro-ligand [(p-iPr-CsH4Sb)s(OH)4(z-
BuPOs3)s] under solvothermal conditions in methanol, in the presence of pyridine as a base
produced two families of novel arylstibonic acid-lanthanide based metal phosphonate clusters.
Single crystal structural elucidation revealed the formation of [Prs(ArSb)s(ps-O)2(p2-OH)o(po-
OCHj3)3(OCHj3)4(#-BuPO3sH)s(-BuPO3)4] (5.1), [Gd4(ArSb)s(pa-O)a(p2-OH)o(12-
OCH3)3(OCH3)4(2-BuPO3sH)(2-BuPO3)4] (5.2) and [Dy12(ArSb)12(13-OH)g(12-
OCH3)12(OCH3)12(-BuPO3H)s(-BuPO3);5{(-Bu),P,0s} 6] (5.3). The clusters 5.1 and 5.2 are 1D
coordination polymers whose repeating unit possesses tetramer motif. While two lanthanide ions
in a tetramer are in eight-coordinate with triangular dodecahedron geometry, the other two
antimony centers are in hexa-coordinate with octahedral geometry. In contrast to 5.1 and 5.2,
interestingly 5.3 possess novel twenty-four membered ring-type architecture, consist of six
Dy(Ill) centers which are in eight-coordinate and present in square-antiprism geometry. While
the other six Dy(IIl) centers which are in hexa-coordinate with octahedral geometry. Twelve
antimony (V) centers are in hexa-coordinate with octahedral geometry. Interestingly rare di #-
butylphosphonate {(z-Bu),P,0Os} ligand system is generated in situ by self-condensation of two #-
butylphosphonic acids which help in stabilizing the Dy, cluster. Preliminary magnetic moment

studies (Dc and Ac) have been performed and the results are explained in detail.



[Lny(RSb)4(14-0),(1,-OH),(OCH3),,(-BuPO3) 4],
Ln=Pr (5.1), Gd (5.2)

Py, CH3;0H, |1 h(0Ac);.xH,0
100 °C

[ [(RSb),(OH),(+-BuPO;)] ] (R = p-iPr-CHy)

Py, CH;0H py(0Ac); xH,0
100 °C
[Dy12(RSb);,(13-OH)c(OCHj3),4(2-BuPO3),4{(z-Bu), P, 05} 4]

(5.3)
Scheme 5.1

Figure 4: Synthetic scheme of Arylstibonic acid-Lanthanide

Based Metal Phosphonate Clusters

Figure 5: Solid state structure of 5.1
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Chapter
INTRODUCTION

N /

The thesis work is mainly focused on the synthesis of soluble organostibonic acids and their
reactivity studies towards protic ligands, main group elements, transition metals and lanthanide
metals. Hence introduction chapter mainly focuses on organoantimony compounds and their
biological applications, synthesis of different soluble organostibonic acids and their reactivity
studies, a brief literature survey of various organoantimony(V) compounds and polyoxometalates

(POMs).
1.1 Introduction:

Antimony (Sb) is a silver-white, brittle semimetal with flaky texture and an atomic number of
51. Antimony belongs to the nitrogen family [group 15 (VA) of periodic table], having
electronegativity is 2.5, specific gravity is 6.68 and a melting point is 630.5 °C. Antimony has
two stable isotopes '*'Sb and '**Sb, with a natural abundance of 57.63 and 42.64 respectively.
The periodic symbol of Sb has been derived from its Latin name stibium. Antimony generally
behaves as a semimetal because its pure form is not malleable and shiny like true metals.
Antimony hardness is 3 on Mohs scale, which is too soft to make hard objects, coins of antimony
were issued in China province but due to poor durability soon minting was discontinued.
Alchemy is a field of study where ancient scientists believed that antimony might help convert a
lead into gold. The abundance of antimony is about 0.2 ppm in the earth’s crust.' The antimony
name was derived from the Greek words anti (opposed) and monos (solitude). Antimony in
nature rarely occurs in its original metal form and it always shows a strong affinity towards
sulfur and other metals (Cu, Pb and Ag) to form over 100 minerals. The major mineral of
antimony is stibnite (Sb,S3) and it is used as a source for metallic antimony. Antimony was also
found in lead, silver and copper ores in trace amounts and it was extracted from these ores by the
process of smelting. China has a major source for antimony deposits.” Stibnite had soft nature, so
it was used as black eye makeup in ancient times. Finely grounded stibnite powder is used as a
bronzing for metals, black pigment and plaster casts. Antimony trioxides (Sb,Os3) combine with

halogenated particles and reduce the flame's speed, so Sb,O; is used as a flame retardant

1



materials.’ Antimony trioxide have been used in adhesives, plastics, decorative foams, textiles
and building materials as a flame retardant. Antimony is mixed with lead to form a harder and
stronger alloy, used in automobile lead-acid storage batteries, bullets, coverings for cables, tank
linings, roofing sheets, chemical pumps and pipes. Its alloys are majorly used in industrial
applications such as Babbitt metal (an alloy of Sb, Sn, Cu and Pb) useful as machine bearings
due to its soft and slippery nature. With tin, antimony forms alloys such as Britannia metal and
Pewter used for making utensils, cups, plates and pitches. Antimony alloy is also used in solder.
Antimony has one of the specific characters as it expands when it cools and freezes. Type metal
(an alloy of lead, antimony and tin) is used for printing newspapers; here, alloy fills every corner
of costing mold used to prepare sharp type for printing. The semiconductor industry uses highly
pure antimony (nearly 99.999 pure) in silicon wafers for making infrared detectors and diodes.”
In nuclear reactors, antimony combine with beryllium and is used as a startup neutron source.
Antimony sulfides are used as a combustion supporting material like striking surfaces of safety
matches, tracer bullets and manufacture of detonators. Antimony has also been used in ceramics,
glass making and as a vulcanizing agent in the rubber industry.” Sodium antimonite (NaO3Sb) is
used as a flame retardant to remove bubbles from the glass. The antimony chalcogenide
materials (Sb,S3;, Sb,Tes; nano rods, Sb,Ses nano wires) are very interesting and fascinating
applications in the field of electronics like in the manufacturing of television, cameras with
photoconductor targets, electrochemical hydrogen storage, IR spectroscopy, thermoelectric and
optoelectronic devices. For example, Sb,S; has high Li intercalation capacity and Sb,Ses display

high electrochemical hydrogen storage.6
1.2 Biological applications:

Besides industrial applications, antimony is also widely used in medicine and cosmetics.” ®
Various antimony compounds have been used as drugs against pathogens, although several
health hazards of these metals are well known. Organoantimony compounds such as sodium
stibogluconate (pentostam) and meglumineantimonate (glucantime) have been used to treat
leishmaniasis.'' Intravenous administration of tartar emetic (potassium salt of antimonyl tartrate)
has been used to treat kala-azar (visceral leishmaniasis) disease. Sodium salts of antimonyl
tartrate were used instead of potassium salt for better results. Brahmachari et al/ synthesized

pentavalent antimonial (urea stibamine) in the year 1920. Ehrlich discovers atoxyl or sodium salt



of a p-arsanilic acid drug and is used for treating sleeping sickness. Urea stibamine (urea salt of
p-amino phenylstibonic acid) was a potential agent against kala-azar disease and it was used
extensively during the 19" century.” Schmidt successfully synthesized stable pentavalent
antimonial Solustibosan (sodium antimonyl gluconate) in the year 1936. Solustibosan is stable in
water; it can be given intravenously, intramuscularly and subcutaneously.'® Glucantime and
Pentostam are two pentavalent antimonial drugs available commercially and they are used for
treating both visceral and cutaneous leishmaniasis.'' Potassium antimonyl tartrate
[K,Sby(C4H,06)2] was previously used as a nauseant and expectorant; due to compound toxicity,
it has been abandoned. Trivalent antimony (Sb>") is more toxic than pentavalent antimony

(Sb5+).11b

Organoantimony compounds exhibit significant anti-microbial activities'? and also anti-tumor
activities. Similar to cis-platin, some organoantimony compounds exhibit cytostatic activity."’
However; the biological toxicity of Sb is much less when compared with Pt and Pd based anti-
cancer substances. R. Kant ef al reported organoantimony (III) amides may be used for the
development of new drugs and also shows promising anti-cancer and anti-microbial activity.'* T.
Kaji et al reported selective cytotoxicity of vascular endothelial cells, which diminished when
bismuth atom was displaced by antimony atom in tris[2-(N, N, dimethyl aminomethyl)phenyl]
bismuthane TDPBi."” The group also investigated tris(pentafluorophenyl)stibane induced gene
expression of MT-1A and MT-2A; they are subisoforms of Metallothionine (MT) in bovine
endothelial cells.'® Fahami et al synthesized various orgnoantimony compounds containing
Schiff base ligands. These compounds show promising anti-microbial and anti-fungal
activities."” U. Kortz e al investigated the structure-bioactivity relationship of three dimeric
phenylantimony(IIl) heteropolytungstoarsenate. These polyoxoanions show significant anti-
bacterial activity. The effective inhibitory bacterial activity of these polyoxoanions depends on
the number of incorporated {PhSb™} groups.'"® The group also reported three discrete
organoantimony(IIl) heteropolytungstates might act as potential anti-microbial agents. It was
suggested that by tuning the structure-bioactivity relationship of these polyoxoanions, they can
be used as a biomedical agents. Besides biological inhibitor activity (anti-bacterial, antiviral,
anti-tumor), these polyoxoanions can be used as a co-ligands for large biomolecules in

crystallization."



1.2.1 Biological applications of arylstibonic acids:

Organostibonic acid had a specific property to prevent basic leucine zipper (B-ZIP) proteins to
DNA binding; hence organostibonic acids have been used as valuable anti-cancer agents. Charles
Vinson et al investigated 25 different arylstibonic acids for their capability to restrict DNA
binding of B-ZIP proteins.*’ Stivers et al reported various organostibonic acids for their effects
on plasmid supercoil relaxation catalyzed by Human topoisomerase 1B (4#7Topo). It was reported
that arylstibonic acids show selectivity towards topoisomerase I inhibition in human beings and
poxvirus (vTopo). They suggested that arylstibonic acids can be used as small molecules for
elucidating the cellular functions of hTopo.*' Arylstibonic acids are structurally similar to
phosphotyrosine side chains in protein; hence sulphonic acid and carboxylic acid substituted
arylstibonic acids were identified as potential inhibitors of the protein tyrosine phosphatase PTP-
B and potential Cdc25 phosphatase inhibitors.”” In addition, arylstibonic acids also inhibit
CCAAT-enhancer-binding proteins.” The anti-HIV activity of arylstibonic acids has been
reported by Shizuko Sei.** J. C. McKelvie et al investigated various arylstibonic acids for their
capability to prevent Yersinia pestis DNA adenine methyltransferase (Dam) in vitro and they

identified 4-stibono-benzenesulfonic acid as the most active organostibonic acid.”
1.3 Organostibonic acids:

The chemistry of organostibonic acids gained significant attention in recent years due to their
biological activity.?>* Organostibonic acids act as potential anti-cancer agents, which inhibiting
DNA binding® and also have been used as anti-microbial agents.”> In the year 1910, Bart
reaction was used to synthesize organoarsenic acids in which aromatic diazo compound reacts
with arsenic trioxide (As;Os) in the presence of basic conditions to form organoarsenic acids
with the spontaneous evolution of nitrogen gas. The similar method has been used for the
preparation of organostibonic acids.*® Further, Schmidt, Dunning and Reid modified this method
to get better yield and purity of the organostibonic acids.”’ In the year 1940, Scheller prepared
organoarsenic acids by adopting major changes to Bart reaction to improve the product's yield. In
this method, aromatic amine was dissolved in an organic solvent and diazotize with concentrated
aqueous sodium nitrite in the presence of arsenic trichloride. To assist the reaction cuprous salt
Cu(I) catalyst and heat were also used during the course of reaction. Doak and Steinman

8

synthesized organostibonic acids by using the Scheller reaction.® When compared to
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arylstibonic acids, aliphatic stibonic acids are virtually nonexistent except for methanestibonic

acid which has been reported.”
1.3.1 Preparation of organostibonic acids:

The para-substituted aniline (0.05 mol) was dissolved in ethanol (125 mL) and taken in a beaker
with a magnetic stirrer surrounded by an ice bath. Concentrated sulfuric acid (0.05 mmol) and
SbCl; (0.05 mol) were added after completely dissolved, the pink-colored thick solution formed
after stirred for 30 min. A sodium nitrite (0.05 mol) solution was added to initiate diazotization,
resulting in the formation of a thick red color solution. The mixture was stirred continuously for
half an hour, then cuprous bromide (0.05 mol) catalyst was added (Scheme 1). To remove
nitrogen gas the mixture was heated for some time. The obtained organostibonic acid was
collected with the help of Buchner funnel, washed with distilled water and air-dried. The
obtained organostibonic acid contains antimony trioxide as an impurity because arylstibonic
acids are generally insoluble in water and common organic solvents; conventional
recrystallization methods were not applicable. To purify the product, the crude stibonic acid was
dissolved in concentrated hydrochloric acid (45 mL) and then pyridinium hydrochloride solution
(SmL pyridine in 20 mL of concentrated HCl) was added under ice-bath condition. It turns to
brown colored jelly type solid immediately; at this stage, the residue was kept for 12 h without
disturbing. The jelly-like solid was removed by scratching and dried, after which it becomes
brown colored powder. The obtained compound was collected on a Buchner funnel, washed with
Conc., HCI, and dried. To a dilute sodium carbonate solution (1400 mL of 1% (w/v) solution)
the dried compound was added and stirred for four hours then filtered. To this filtrate dilute
10%HCI was added dropwise with continuous stirring. The pure organostibonic acid was
collected by filtration and washed with water and dilute HCI. This method is only applicable for
the para and meta substituted anilines, not to ortho-substituted anilines. We have been
successfully synthesized p-isopropylphenylstibonic acid, p-(¢-butyl) phenylstibonic acid and p-2-
butylphenylstibonic acid by following the procedure. When compared to earlier reported p-

halostibonic acids, all these arylstibonic acids are readily dissolved in common organic solvents.
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1.3.2 Structure of Organostibonic acids:

The synthesis of organostibonic acids has known since last 100 years. Until now, the exact
molecular structure of arylstibonic acid is unknown and the matter was a considerable debate.
This has been due to their insoluble nature in water and organic solvents, decomposition on
heating and hence lacks a distinct melting point. Due to different physical properties when
compared to corresponding arsenic acids, Schmidt proposed arylstibonic acid exists as a trimer in
solid state but in the alkaline condition, the trimer would dissociate into the monomeric form
(Figure 1).”° Depending on the preparation methods, different arylstibonic acids with a degree of
associated water may vary. Based on molecular weight determinations, Macallum proposed a
monomeric structure of organostibonic acid.’’ Schmidt’s trimer conclusion was generally
preferred over Macallum monomeric structure. Based on cryoscopic molecular weight
determinations in benzene, acetic acid and formic acid, Doak suggested that arylstibonic acids
exist as high molecular weight polymeric species (ArSbO;H;)x.(H,0), linked by hydrogen

bonding. It was also suggested that arylstibonic acids behaved as pseudo-acids.”” Based on '*'Sb



Maossbauer study, Bowen et a/ concluded that around antimony trigonal bipyramid geometry was

present with bridging oxygen atoms are in epical positions.*

s A
OH /OH
Ar— <_—_o Ar— R:O
o o Ar
/ /o |
Ar— \_——O (H,0)x  Ar— \\ oH (HyO)x
o O HO/ | | \OH
/ / °
Ar—Sb——=0 Ar—Sb=—=0
\OH \OH
Trimeric structures Monomeric structure
Figure 1: Schmidt proposed Arylstibonic acid structures
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1.3.3 Synthesis of first molecular Organostibonic acid:

In a breakthrough work, Beckmann ef al synthesized first molecular organostibonic acid [2, 6-
Mes,CsH3Sb(O)(OH)2]>,  (1)(Scheme 2) by the controlled hydrolysis of 2, 6-
Mes,CcH3SbCls(Mes= mesityl) in alkaline conditions.™ 1t exist as a dimer with a five-coordinate
Sb and a Sb,O, core, around antimony atom trigonal bipyramid geometry was present, it
supported by earlier reports.32 In this case, the bulky R groups (2,6-Mes,CsH3) prevent higher
aggregations; hence it crystallized as a dimer. Similarly, another controlled base hydrolysis of
2,6- Mes,C¢H;Sb™'Cl, in atmospheric conditions affords two different clusters [(2,6-
Mes,CsH3Sb¥),(CISb™M)4(0)s]  and  [(2,6-Mes,CsH3SbY )4(CISb™M)4(HOSb™),0,4].  Here
interestingly, from the Sb(IIl) starting precursor mixed-valent organoantimony (III/V) oxo

clusters formation occurs.>*
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1.4 Reactions of arylstibonic acids:

Methanestibonic acid was synthesized by the hydrolysis of tetraalkoxymethylstiborane or
oxidation of dimethoxy methylstibine with H,O; in dichloromethane and alcohol mixture solvent
at low temperature. It was obtained as a colorless amorphous powder. Methanestibonic acid
reacts with sodium hydroxide forms sodium salt Na,[MeSb(OH);0],.6H,0 and it reacts with 2,
3-dimethyl butane-2, 3-diol forms {MeSb[OC(Me),C(Me),0],} were isolated and

characterized.®

1.4.1 Arylstibonic acids with H,SO, and NaOH:

The reaction of [2,6-Mes,CsH3Sb(O)(OH),], with H,SO4 and NaOH in a toluene/water solvent
system results in the formation of [2, 6-Mes,CsH3Sb(O)(OH)4(SO4)] (2) and [Na,2,6-
Mes,;CsH3Sb(0)4(OH);0.2H,0] (3) (Scheme 3). Here, a four-membered Sb,O, ring opening
occurs when treated with aqueous H,SO4 resulting in a six-membered heterocyclic ring. The

amphoteric character of arylstibonic acids was confirmed while performing the reaction given

below.*®
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HO////,,\ RN o‘\\\
/ \o e \‘OH
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1.4.2 Synthesis of reverse-Keggin compounds:

Polyoxometalates(POMs) of transition metal ions’>* have been known since the last two
decades, whereas POMs which consists only main group elements are rare. The Keggin ion of
general formula [EM,040]" (where, E= p-block element Co, Fe, Cu, P, As, Sb, Bi, and M= d-
block element Mo, W, V, Ti) was probably the most well-known POMs; here, at the center p-
block element E was present and it is surrounded by twelve d-block elements. Reverse Keggin
ion was obtained by the reaction of arylstibonic acid with various transition metal acetates in
acetonitrile with pyridine or triethylamine as a base at 100 °C under hydrothermal conditions
resulting in formation of novel dodecanuclear polyoxostibonates
{IMn(PhSb);,0,5][Mn4(H,0)]}(4) (Figure 2). Here transition metal ions were encapsulated at
the center of the Keggin. These POMs are termed as reverse Keggin ions as they are structurally
similar to the well-known Keggin ion but with p-block and d-block elements, positions are

reversed.

() (b)

Figure 2:Molecular structureof(a) [Mn(PhSb);,0,sMn4(H,0)s] 4) and (b)
{Na4(PhSb);6036} cage (5); Color code: Cyan: Sb, Yellow: Na, Purple: Mn, Red: O.



The Keggin ion structure consist a central Mn(Il) ion in tetrahedral geometry, which is
surrounded by twelve organostibonic acid moieties, which are in an octahedral environment.
Here in the presence of a base, arylstibonic acids self-condense to form the Sb;, POM
framework. A similar reaction with nickel acetate forms polymeric nickel antimonate, which

contains {Nas(PhSb;¢)Os} cage (5) (Figure 2) as a repeating unit.>’
1.4.3 Synthesis of Polyoxostibonates:

Nicholson’s group synthesized a series of arylstibonic acids, likep-chlorophenylstibonic, p-
tolylphenylstibonic, p-nitrophenylstibonic and a-Naphthylstibonic acid by using Scheller
reaction. Further additional purification of arylstibonic acids has been done by ammonia/acetic

acid diffusion method.**®

The arylstibonic acids were dissolved in water/aqueous ammonia
mixture in a plastic beaker and diffusing acetic acid into the solution in a closed desiccator to
obtain sodium or potassium free arylstibonic acids. A plastic beaker was used to avoid leaching
Na” ions from glassware, as arylstibonic acids had a strong affinity towards sodium ions.
However, they found Na' ions are present in p-nitrophenylstibonic acid even after two diffusion
purifications. They had extensively studied the solution behavior of various arylstibonic acids by
using ESI-MS and found most of the arylstibonic acids exist as high molecular weight
dodecanuclear aggregates [Hg(RSb);,0,5] in acetonitrile. It was also observed if pure arylstibonic
acid solution is left standing in glassware or in the presence of a small amount of NaOH, sodium
adducts of arylstibonic acids like [NaHs(RSb);2025]*, [NasH4(RSb)12025]*, [NasH3(RSb)1205]*
were obtained as found in ESI-MS spectra. This dodecanuclear polyoxostibonate cage has
general formula is [M;H;¢x(RSb)12030]* (6) (where M= K or Na) (Figure 3) and it behaves like
inorganic cryptands and incorporating sodium ions or similar size cations in their cavities.* This
dodecanuclear polyoxostibonate cage has two cation binding sites, the first cation present in ten
coordination, while the second cation is in six coordination. They have also observed that the
cation size plays a crucial role in templating the polyoxometalate formation. When
arylstibonicacid is reacted with LiOH, results in the formation of dodecanuclear
polyoxostibonate [LiH3(p-MeCcH4Sb), 201" (7) (Figure 3). Here Li" cation are fully enclosed
with closed geometry. It may be due to the Li" ion being smaller in size than the Na" ion. The
core of this structure {Sb;,0»} was similar to y-Keggin ion geometry. The larger Ba*" ion is

introduced into the organostibonic acid structure resulted in the formation of tetradecanuclear
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polyoxostibonate [BaH o(p-MeCsH4Sb)14034].4H,0(8)(Figure 4).° A dramatic change was
observed when Ba®" cations were introduced, formingSb,4 core with bowl-shape geometry and
the barium cation encapsulated in the center with eleven coordination, whereas small Li" cations
forming Sb;, cage. Similarly organostibonic acids with Rb" cation forms bowl-shape

polyoxostibonate [RbH;(p-MeCgH4Sb)14034] A0

() (b)

Figure 3: Molecular structure of (a) [K;H;o(RSb)12030](6) and (b) [Lng(p—MeC6H4Sb)12028]4'
(7) ; Color code: Cyan: Sb, Blue: K, Purple: Li, Green: Cl, Red: O.

When arylstibonic acids were reacted with transition metal (Co or Zn) chlorides in
water/ammonia mixture, it resulted in the formation of dodecanuclear polyoxostibonate clusters
[Zn(p-C1CeH4Sb)1,025(ZnCl)4]* (9) (Figure 4) in which Co”" or Zn*'cations occupy central
tetrahedral sites; it looks like previously reported reverse Keggin ion.** These polyoxostibonates
structures are similar to the e-Keggin ion geometry. The Sb;s compound [H6(RSb)16O36]2' 1S
different when compare to Sb;; and Sb;4 POMs and metal cations are not incorporate within its
core. All traditional transition metal cations containing POMs were formed in acidic conditions,
whereas interestingly, all these polyoxostibonates are formed in basic conditions. Based on ESI-
MS studies of these polyoxostibonates in acetonitrile solvent reveals that structural integrity was

retained in the solution too. Both Sbj4 and Sb;¢ polyoxostibonates are unique in nature as there
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are currently no structural similarities in W and Mo POMs chemistry. All these results suggest
that arylstibonic acids under alkaline condition condensed itself, forming Sbj,, Sbjs and

Sbigpolyoxostibonate clusters, which can act as inorganic cryptands for various alkali, alkaline

earth and transition metal ions.*!

() (b)

Figure 4: Molecular structureofa) [BaH;o(p-MeCcHsSb)14O34] (8) and b) [Zn(p-
CICsH4Sb)1,0,5(ZnCl)s]* (9) ; Color code: Cyan: Sb, Grey: Ba, Blue: Zn, Green: Cl, Red: O.

1.4.4 Synthesis of Organostibonate phosphonic acid pro-ligand:

Phosphonic acids used as ligands do not form condensation products, while arylstibonic acids
form polycondensation products. By mixing arylstibonic acids and phosphonic acids, the
depolymerization of arylstibonic acid can lead to the formation of polydentate oxygen donor
ligand systems. This main group metal phosphonate ligand system is very novel and it can act as
a ligand to react with transition metals. Winpenny et a/ have been successfully synthesized
organostibonic acid-phosphonic acid pro-ligands by the reaction of arylstibonic acids with
phenyl  phosphonic or #butylphosphonicacids resulting in the formation of

a

tetra/dinuclearorganoantimony phosphonate clusters.*® Several metal triangles like the

manganese triangle, nickel triangle and chromium triangle are reported as pro-ligand to form
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high nuclearity clusters.*’ Further, these arylstibonic acid phosphonate pro-ligand clusters can be
used as a novel ligand platform for the assembling of polymetallic copper (II) and cobalt (II)
complexes using solvothermal conditions.* Reactions of pro-ligand
[(ArSb)40,(O3PPh)4(HO;PPh)4](10) (Figure 5) with Co(OAc), with different bases under
hydrothermal conditions forms different types of organoantimony cobalt clusters. With
LiOMe/pyridine base, it forms [Co2(ArSb)sO4(PhPO3)4(OCH;3)4(py).] (11) (Figure 5). While in
the presence of pyrazine (pyz) as a base in methanol, it forms 1 Dimensional polymer
[Co2(ArSb)404(PhPO;3)4(OCH;3)4(pyz)]n. With triethylamine/pyridine base in acetonitrile, it
forms a tetranuclear cobalt cage [Co4(ArSb)sOe(PhPO3)s(py)4].

(@) (b)

Figure 5: Molecular structure ofa) pro-ligand [(ArSb)4O,(O;PPh)4(HO;PPh)4] (10) and b)
[Coz(ArSb)4O4(PhPO3)4(OCH3)4(py)2] (11); Color code: Cyan: Sb, Grey: Co, Pink: P, Green: Cl,
Blue: N, Red: O.

Similarly, anotherarylstibonic acid phosphonate pro-ligand [(ArSb),O(z-BuPO3;H)s] (12) (Figure
6) reacts with copper acetate under solvothermal conditions affords different types of
organoantimony copper clusters. With pyridine base, it forms tetranuclear copper cage
[CusO,(ArSb),(-BuPO3),(CH3CO,)2(OCH;3)6] as a major product and trinuclear copper cage
[Cus04(ArSb)x(--BuPOs)4(py)s] as a minor product.** In the presence of lithium methoxide as a
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base it forms two different products like tetranuclear copper cage is major product and
heterometallic cage is minor product [CusLisO¢(ArSb)s(z-BuPO3)s(CH3CO,),(OCH3)4(CH30OH)4]
(13) (Figure 6). With 2, 6-lutidine base in methanol, it forms octametallic cage [CugO4(ArSb),(z-
BuPO3)s(CH3CO,)4(lutidine),].*

(@ (b)

Figure 6: Molecular structure of a) pro-ligand [(ArSb),O(-BuPOs;H)s] (12) and b)
[CusLi4O6(ArSb)4(2-BuPO3)s(OAc)(OCH3)4(CH30H)4] (13); Color code: Cyan: Sb, Blue: Cu,
Green: Cl, Purple: Li, Pink: P, Red: O.

1.4.5 Reactions of arylstibonic acids with protic ligands:

Our group has been working on the synthesis and reactivity studies of organostibonic acid by
using depolymerization reactions of arylstibonic acid with various protic ligands, like
phosphonic acids, phenolic pyrazole, naphthyl phenolicpyrazole, 8-hydroxy quinoline, silane
diol, silanetriol and phenyl seleninic acid. Structural characterization reveals the formation of
multinuclear organoantimony oxo-hydroxo clusters resembling a cubane, butterfly, adamantane-
type and triangle geometry. Condensation reactions of p-haloarylstibonic acid with phenolic
pyrazolyl ligands with substitution at 5 position under reflux conditions yielded two
organoantimony oxo-hydroxo clusters [(RSb)4Os(OH),L4] and [(RSb)sO4L4] (L=pyrazole
ligand), here pyrazole ring nitrogen atoms either one or two were coordinated to antimony atoms.
Reaction of phenyl or #-butyl substituted phenolic pyrazolyl with arylstibonic acid forms [(p-
CIC¢H4Sb)4Os(OH),(HPhPzPh)4] (14) (Figure 7) and without substitution forms [(p-
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CIC¢H4Sb)4(0)4(PhPz)4]. Arylstibonic acids had the ability to self-condense to form hexa-
decanuclearpolyoxostibonate Sb;s POM [(p-CICcH4Sb)6028(OH)s](3,5-DMPz)s] (15) (Figure 7)

in the presence of mild base 3.5 dimethvl pvrazole.*’

(@) (b)

Figure 7: Molecular structure of a) [(p-Cl1CcH4Sb)4Os(OH),(HPhPzPh)4] (14). b) Sb;¢ POM[(p-
CICH4Sb)16023(OH)s](15) Color code: Cyan: Sb, Blue: N, Green: Cl, Red: O.

1.4.6 Synthesis of Organoantimony(V) Oxido Cubane cluster:

Condensation reactions of arylstibonic acids with diphenyl silane diol in toluene at reflux
condition results in the formation of tetranuclear organoantimony cubane clusters (Scheme 4)
[(p-Cl-CcHaSb)4(0)4(Ph,S105)4] (16) and [(p-Br-C¢HaSb)4(0)4(Ph,Si0,)4] (17).These two
clusters are isostructural. The cluster's core consists of a rare Sb4O4 cubane framework (Figure
8). This is the first complex that contains Sb'-O-Si' framework.*® Solution *’Si NMR (in
CDCI3) of compounds 16&17 gives 6 =-29.5 ppm signal; it shows that siloxides present in a
unique environment in the crystal. Solution *’Si NMR spectral values are correlates well with the

observed solid-state structures.
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Figure 8: Molecular structure of [(p-CI-C¢HsSb)4(O)4(Ph,Si0,)4] (16) Color code: Cyan: Sb,
Blue: Si, Green: Cl, Purple: Li, Pink: P, Red: O.

1.4.7 Synthesis of Oxo-Centered Sb;O triangle:

Reactions of arylstibonic acid with #-butylsilanetriol in toluene at reflux condition affords
trinuclear organoantimony metal oxo centered cluster {[CsHsNH][(p-Cl-CsH4Sb)s[(2-
Bu)4Si409][(#-Bu),S1,05(13-O)(OH)]}  (18) (Figure 9). Interestingly, disolaxane and
tetrasiloxane frameworks are in situ generated by silane triols' self-condensation by removing
water molecules. This siloxane framework stabilized the oxo-centered Sb;O triangle. Generally,

oxo-centered metal triangles are very common in transition metals, whereas they are rare so far
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as the main group metals are concerned. This is the first structurally characterized oxo-centered
organoantimony (V) based triangle and stabilized by siloxane framework.?” Solution *’Si NMR
(in CDCls) of above cluster gives § =-22.0 ppm signal and ESI-MS studies of above compound
show signals corresponding to the formula [M+3H]" and [M+2H+NH4]". Based on ESI-MS

data, the above cluster maintains the structural integrity in the solution state also.

0
8.

N

Figure 9: Molecular structure of {[(p-CI-CsH4Sb)3[(-Bu)4Si4O9][(-Bu),Si,05(u3-O)(OH)]} (18)
1.4.8 Synthesis of adamantane-type structures:

Reactions of arylstibonic acid with 8-hydroxy quinoline (8-HQ) or naphthyl phenolic
pyrazole{2-[ 1H-pyrazol-5(3)-yl] naphthalene-1-ol}(H,naPhPz) in toluene at reflux condition
yielded adamantane-type tetranuclear organoantimony oxo clusters, [(p-ClCsH4Sb)s(O)s(L)4]
(19) (here L=8-hydroxy quinolone or naphthyl phenolic pyrazole) (Scheme 5). The solid-state
structure contains an unprecedented SbsOg adamantane-type core stabilized by a ligand system
and it structurally similar to the antimony mineral senarmonite Sb,Os it is in dimeric form.*
Main group metals concern like gallium, indium, aluminium and tin adamantane-type clusters
are reported,” whereas with respect to antimony this is first report having adamantane-type
SbsO¢ frameworks although SbsO¢ non-adamantane type clusters are known.””® Natural
polyarsenic compound Arsenicin A was isolated from New Calodonian sponge Echinochalina
bargibanti and interesting to note that its structure is similar to adamantane-type structure As4Oe.
Arsenicin A shows the important application as fungicidal and bacterial activities on human
pathogenic strains and it also chemically synthesized by Wild ez al.>® Subsequently, Beckmann et

al reported the second molecular organostibonic acid [(ArSb)sO¢(OH)4] (20) (Figure 10) by base
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hydrolysis of ArSbCls (Ar= 6-diphenylphospinoacenaphth-5-yl). It has an adamantane-type
structure. Here one coordination site of the antimony atom was blocked by bulky ligand and it

prevented extensive aggregation of organostibonic acid.”’

( N
Tol
N (>
RSbO;H, + || P \ /
o// \o
R o)
—>
N\ /
o— = \O/ —~
Toluene L / \
RSbO;H, + OO reflux 6h O /| \\\O
R 9

=N
H,naphpz : [(p-CICsH4Sb)4(0)6(L)4]

Scheme 5 (R=p-Cl-C¢H,) (L= 8-HQ)

= O

Figure 10: Molecular structure of adamantane-type tetranucleararylstibonic acid (20)
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1.4.9 Synthesis of mixed valent Sb(V)/(I1I) polyoxostibonate:

The reaction of arylstibonic acid with diphenyltellurium oxide in toluene at reflux condition
affords tetradecanuclear polyoxostibonate cluster (21) (Figure 11). Here Sbj4 POM is chelated
by diphenylditelluroxane moieties. It is a dianionic cluster and the charge of the cluster is
balanced by two triphenyl tellurium cations. These cations crystalized along with Sby4 core.
Interestingly, the complete dearylation of arylstibonic acid occurred in the presence of
diphenyltellurium oxide. Solution '**Te NMR (CDCls) gives two resonance signals at & = 1162
& 787 ppm, correlates well with the two types of tellurium ions present. Here
tetraorganoditelluroxane’s framework behaves like ligand and stabilizes novel mixed valent

Sb(V)/(I1I) Sby; POM framework.>

Figure 11: Molecular structure of tetradecanuclear polyoxostibonate Sb;4 POM. (21)Color code:

Cyan: Sb, Blue: Te, Grey: Br, Yellow: Na, Red: O.
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1.5 Organoantimony(V) Compounds:

Organoantimony(V) compounds have been an area of interest not only owing to their biological
and catalytic applications but also due to interesting structural variation they exhibit resulting in
the isolation of novel rings and clusters. Organoantimony(V) compounds were also used for
industrial applications, especially in the field of synthetic organic chemistry. Organoantimony
compounds have been used as reagent or catalyst,” for example triphenylantimony oxide along
with P4S;o (Ph3SbO/P4S19) catalyst system has been used for esterification reactions of various
carboxylic acids with corresponding alcohols.”® In the presence of tri-n-butylstibine, a-enones
can be prepared by treating aldehydes with a-bromoketones. Trialkylstibines used as an effective
reagent for double bond formation in between a-halogeno carboxylic esters and carbonyl
compounds. Stiboniumylides or pentaorganylstiboranes are synthesized by treating quaternary
stibonium salts with nucleophilic bases (RLi, LDA and potasium z-butoxide). The reaction of
stibonium ylides with carbonyl compounds to produce epoxides or olefins.” Few
organoantimony compounds have been used as substrates in palladium-catalyzed cross-coupling
reactions.”® In the presence of palladium catalysis organoantimony compounds
(triphenylantimony dichloride, triphenylantimony diacetate) gave cross-coupling products with

silyloxy alkenes®’ and organotin compounds.”™ >

1.5.1 Synthesis of organoantimony(V) halides:

Monoorganoantimony(V) tetrahalides are less stable as they easily undergo disproportion while
on standing (Scheme 6).® Structural aspects of monoorganoantimony(V) tetra halides were not

known properly.

2PhSbCl, —— Ph,SbCl, + SbCl; + Cl,

Scheme 6

Diorganoantimony(V) trihalides R,SbX3; can be synthesized by the reaction of SbCls with an
arylating agent such as tetraaryl lead or tetraaryl tin.°’ R,SbXscan also be synthesized by
halogenation of corresponding diorganoantimony(Ill) halides R,SbX with X, (X= Cl, Br)
(Scheme 7).%2 There is a conflicting ideas regarding structural aspects of PhoSbCls. Some groups

proposed trigonal bipyramid geometry™ around the antimony atom and some other groups
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reported the compound exists as a monohydrate with octahedral geometry.®* Based on crystal
structure analysis and '2'Sb Mdssbauer spectroscopy can resolve the structure issue. In a solid
state, anhydrous Ph,SbCl; exists as a dimer (Chart-1) with chlorine bridges and trigonal
bipyramid geometry was present around antimony atoms with three chlorine atoms occupy

equatorial positions.®

Ph,Sn + SbCl el Ph,SbCl; + Ph,SnCl " I
n > n Cl Cl
! > reflux, 2h S N |/ ~_ |/
SbCl, + 2PhySb —————  3Ph,SbCl o | ~ |\CI
CH,Cl, Ph Ph
Ph,SbCl + Cl, —————  Ph,SbCl,
Structure of Ph,SbCl;
Scheme 7 Chart-1

Triorganoantimony(V) dihalides R3;SbX, can be synthesized by treating SO,Cl, with the
corresponding triphenylantimony in dichloromethane (Scheme 8).% In the presence of various
reducing agents, triorganoantimony(V) dihalides can be easily converted to corresponding
antimony(IIl) derivatives. Similarly, triorganoantimony(V) dihalides when heated above their
melting points in the inert atmosphere, can easily undergo elimination reactions. The solid state
structure of Ph;SbCl, revealed that the geometry around Sb is trigonal bipyramid with two

chlorine atoms occupies axial positions.®’

CH,Cl,
Ph3Sb + SOz(:lz T» Ph3SbC12
RySbX, —A2—» R,$bX + RX
L Scheme 8 )

1.5.2 Synthesis of organoantimony(V) Oxides:

Organoantimony(V) oxides can be prepared by the reaction of triphenylantimony with 30% H,0,
in ice-cold acetone. It gives an insoluble white fluffy solid material and it is characterized as
polymeric triphenyl antimony oxide (Scheme 9).°® Similarly, tris(2-methoxyphenyl)antimony
oxide can be prepared by treating tris(2-methoxyphenyl)antimony dichloride with potassium ¢-
butoxide in the presence of H,O in dichloromethane at low temperature, interestingly it has a

. . 69
dimeric structure.
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KO-t-Bu, H20

acetone

Ph;Sb + H,0, ————> (Ph;SbO),

0-5°C
R

DCM, 0°C, 2h
(R = 2-MCOC6H4)

NN
R .\
7NN\

Scheme 9

1.6 Reactions oforganoantimony(V) compounds:

1.6.1 Reactions of Ph;SbCl,/Ph,SbCl; with acetylacetone:

Reaction of monoorganoantimony(V) chloride with acetylacetone (Acac) at cooling conditions
forms monoorganoantimony (acetylacetone) trichloride complex, the compound behaves as non-
electrolyte in solution and it has monomeric structure. '"H NMR spectra of this compound shows
doublet and singlet for acetylacetone-Me protons and acetylacetone behaves like bidentate
ligand. On the basis of 'H NMR spectra, Okwara e al suggested a symmetric structure for
MeSb(acac)Cl; and an asymmetric structure for PhSb(acac)Cls.” Similarly Ph,SbCls or
Ph3;SbCl, reacts with acetylacetone resulting in the formation of complexes Ph,SbCl,(Acac)/
Ph;SbCl(Acac) respectively (Scheme 10).”' Based on 'H NMR and IR spectral studies, in
Ph,SbCly(Acac) phenyl rings are in equatorial positions and chlorine atoms occupy axial

positions, whereas in Ph3SbCl(Acac) chlorine atoms occupy equatorial positions. Compound

R,SbCly(Acac) has three possible geometrical isomers as shown in Chart-2.

Ve

O
Ph,SbCly + i ¢

Ph;SbCl, + Na(acac)

Q cCl,

— > Ph,SbCl,(acac)

CH, reflux

—— > Ph3SbCl(acac) + NaCl

Scheme 10
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trans-diorgano cis-diorgano

Three geometrical isomers of R,SbCl,(Acac)
Chart-2

1.6.2 Reactions of Ph;SbCl,/Ph,SbCl;with Schiff base ligands:

Organoantimony(V) halides (R,SbCl3/R3SbCl,) reacted with various Schiff base ligand forms the
compounds of the type R,SbCl(trid)/R;Sb(trid) (R= Me or Ph; trid= tridentate Schiff base ligands
with SNO or ONO donor atoms). Here various Schiff base ligands were used for example, 2-(o-
hydroxyphenyl) benzothiazoline (H,Sat), 2, 2’-(methylidynenitrilo) diphenyl (H2Sab), 4-(o-
hydroxyphenyhmino)-2-pentanone (H,Aah), 3-(o-hydroxyanilino) crotonophenone (H,Bah) and
2-acetonyl-2-methylbenzothiazoline (H,Aat). Based on X-ray diffraction studies and '*'Sb
Mossbauer study of Me;Sb(Sab), it is suggested that the geometry around Sb atom was in the
distorted octahedral and meridional arrangement of Schiff base ONO or SNO ligand around

antimony atom (Chart-3).”*

R R R
Octahedral and meridional arrangement of tridentate Schiff base ligand
Chart-3
. J
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1.6.3 Reactions of Ph;SbCl,/Ph,SbCl;with carboxylic acids:

Synthesis and structural characterization of organoantimony(V) carboxylates have gained
significant attention due to their structural diversity and also they exhibit significant biological
activities, especially their anti-tumor activities.”” Sowerbyer al reported organoantimony(V)
oxalates by the reaction of triphenyl antimony dichloride with silver oxalate in toluene/methanol
mixture solvent at a different temperature, resulting in the formation of [SbPhy4][Ph,Sb(0x),] and
[Ph;Sb(OMe)],0x (here ox= oxalate) respectively.”* Badshah et al investigated the reaction of
triphenyl antimony dichloride with (m, p)-ferrocenyl benzoic acid in the presence of sodium
methoxide base, it results in the formation of organoantimony(V) ferrocenyl
benzoates[(CsHsFeCsHsCOO)Sb(p-CH3C¢H4)3](22) (Scheme 11). The DNA interaction of this
complex was investigated by U.V-Visible spectroscopy and cyclic voltammetry (CV).
Interestingly this complex shows binding activity towards DNA. Based on X-ray diffraction

studies, approximate trigonal bipyramid geometry around antimony has been proposed.”

( \
S~ o
R;SbCl, +  pe \| / C;{—Cla> (CsHsFeCsH,COO0)ShR,
@ COOH 3 R= C6H5, p-CH3C6H4
22
m-COOH
p-COOH Scheme 11 )

.

Recently Han-Dong Yin et al successfully synthesized highly symmetrical 24-membered
macrocyclic organoantimony(V) compounds [Ph;SbLa] (23) and [Ph3;SbLb] (24) by the reaction
of triphenyl antimony dichloride with Schiff base containing carboxylic acids (Scheme 12),
where H,La= 5-{[(2-carboxyphenyl)methylene]amino}-4-chloro benzoic acid and H,Lb= 5-{[(2-
carboxyphenyl)methylene]amino}-2-chloro benzoic acid. The modified Schiff base ligands
possess two terminal carboxylic acid groups. Around antimony atoms trigonal bipyramid
geometry was present with three phenyl rings occupying equatorial positions and two carboxylic
acids occupy axial positions. In these complexes, secondary interactions (C-H....n, C-Cl....n, C-
H....Cl) are responsible for the formation of a 1Dimentional infinite chain in [Ph;SbLa] and a

2Dimentional supramolecular networks structure in [Ph;SbLb].”
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The group reported the reaction of tetraphenyl antimony bromide with various carboxylic acids

in the presence of sodium methoxide as a base in methanol medium, which results in the

formation of novel dinuclear tetraorganantimony carboxylates(25) (Scheme 13). Interestingly

CO; capture from atmosphere air forms a dinuclear complex and carbonate (HCOs3) bridge two

antimony atoms. Two types of antimony atoms are present, the first type antimony was in five-

coordinate trigonal bipyramid geometry and the second antimony was in six coordinate

octahedral geometry.”’

r

Ph
Ph .
\\ Air
Sb Br
P ’ CH;ONa/NaOH
Ph
Ph
ph. T Ph |
N | OH-C(H,-COOH N\
o /Tb Br CH,0Na/CH,0H o |
Ph Toulene
Scheme 13
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Han-Dong Yin et al reported a novel cage-like tetranuclear organoantimony carboxylates by the
reaction of triphenylantimony dichloride with various carboxylic acids like chiral (%)-
mandelicacid, fluoromethylbenzoic acid and electron withdrawing groups containing aryl
carboxylic acids in the presence of sodium ethoxide as a base (Scheme 14). The solid state
structure of this compound reveals that four antimony centers in which each antimony is
bounded with tridentate carboxylic group moiety and three phenyl rings; further, these four
organoantimony centers are bridged together by oxo and hydroxo bridges to form cage-like
tetranuclear organoantimony complex [(Ph,ySb)s(p-O)4(n-OH),(n-O,CR),] (26) here R= 2-CHO-
Cs¢H4COOH, 4-CF;-CcH4COOH. Here interestingly, the chelate ring which contains 16 atoms
formation occurs during dicarboxylic ester interaction and the chelate ring resulting in boat
conformation. The DNA binding properties have been investigated by fluorescence spectroscopy

and found to be exhibit prominent cytotoxic activities in vitrostudies.”

s N
H Ph
@)
O
Re” o | R
— —SbRg
AN
(|:| R OH 1: 1 reflux H (l) ?
R—SE. + ©—< —— > Ph
~ 3 H
| "R = 'COOH  Naome/ MeOH o o
o] H \R; 5 | Ph
— —o0
| O/RB
(0]
R- @ o’
FFoC F 26
F
L Scheme 14 )

1.6.4 Reactions of Ph;SbCl,/Ph,SbCl;with phosphinic acids:

Kumara swamyet al have successfully synthesized two oxo centered dinuclear and tetranuclear
organoantimony(V) phosphinates [Ph,Sb(O,PR;)0], (R= cyclo-C¢H;; and cyclo-CsH;s) and
[Ph,Sb(O,P(CeH11)2(0,CMe)],0 by the reactions of Ph,SbCl; with three equivalence of silver
acetate followed by one equivalence of dicyclohexylphosphinic acid or dicyclooctylphosphinic

acid in dry toluene at reflux conditions (Scheme 15). Interestingly when dinuclear complex
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[PhySb(O,P(CsH11)2(0,CMe)][,0  (27)was treated with water/acetic acid mixture forms
tetranuclear cage {PhgSbsO4(OH),[(O.P(C¢H11)2]23 (28). Both di  and tetranuclear
organoantimony phosphinates had four-membered Sb,O, rings with hexa coordinate antimony.
Two Sb,O, rings are further connected through oxo bridges results in SbsO¢ cage formation
occurs in the tetranuclear cage. The group also reported reactions of diphenylantimonytrichloride
with two equivalents of silver salts of phosphinates resulting in the formation of partially
hydrolyzed product {SbPh,CI[O,P(CsH;1)2]}20 (29). Based on X-ray diffraction studies, it was
found that the geometry around antimony is octahedral in which two phosphinates chelate Sb-O-

Sb bridge on both sides.”

Toulene
Ph,SbCly + 3Ag0,PR, — o> [PhaSb(O;PRy)0];

reflux
R =cycl-C¢H,, cycl-CgH 5

27
CH;COOH
2[Ph,Sb(O,P(C¢H|1),0], ——— PhgSb,0,(OH),(0,P(C4H,,),), .CH;COOH
2
28
i» {Ph,SbCI[O,P(C:H/),]},0O
2Ph,SbCl; + 2Ag0,P(CH, ), 2 25 et2li2
29
Scheme 15
. J
( )
C6H11 C6H11
\
P
Ph R R PR
Ph \| /CI \P/ o . (3
o X N l SN
CeH11\ /o/‘ \o\ /C5H11 Ph_ | /O\+/Ph P/ So \\Ph
AN (’) /P\ Ph” T\O/ | Ph Q /O
C6H11 O\ /O CGH11 O\ /O Ph\ /O\ /Ph
v S p Ph/ $\O/ \\ph
Cl Ph / \
Ph R R O%P/O
29 27 / \
CeHyy _ Colr
28
Structure of {SbPh,CI[O,P(C¢H,;),]},0 Dinuclear Sb,0, cage Tetranuclear Sb,Og4 cage
.
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Chandrasekhar et al reported a novel nonanuclearorganostiboxane cage, here first a dinuclear
organoantimony compound [(Ph3;Sb),(n-O)(n-cycPO,),] (30) was prepared by the reaction of
Ph,SbCl; with two equivalence of 1,1,2,3,3-pentamethyl trimethylenephosphinic acid (cycPO,H)
in the presence of Et;N base (Scheme 16). Interestingly further Sb-C bond cleavage followed by
mild hydrolysis of this dimer in acetonitrile/water mixture (99:1) results in formation of a new
organostiboxane cage. The molecular formula of this cage is [(Ph,Sb),(PhSb)7(1-O);1(p3-O)s(u-
OH),(pn-cycPO,)a(cycP0O,)2(H20),] (31) (Figure 12). In SbyO;¢ core, two stibinic acid moieties

are in situ generated and all antimony atoms are in a +5 oxidation state.*

Ph;SbCl, + Et;N
N\ I \’
O OH h— \O \
/ /
cycP(O)(OH) Ph
[(Ph3Sb)z(u-O)(u-cycPOz)z]
30
CH;CN [(Ph,Sb),(PhSb),(u-0O);(13-0)3(1-OH)
Ph,Sb),(u-0)(u-cycPO 3 250)) 7 11(H3-0)3 2
[(PhsS)(u-OXp-eyePOl =707 (1 cycPO,)5(eycPO,),(H,0),]
Scheme 16 31

Figure 12: Molecular structure of organostiboxanecage(31).Color code: Cyan: Sb, Pink: P, Red:
0.
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Silvestru et al investigated the reactions of triorganoantimony dichloride with sodium salts of
appropriate  diorganophosphinic  acid  (e.g:  diphenylphosphinic  acid  Ph,PO,H,
diphenylmonothiophosphinic acid Ph,P(S)OH, diphenyldithiophosphinic acid Ph,PS;H) led to
the formation of monomeric bis(diorganophosphinato)triorganoantimony(V) complexes
R3Sb(O,PPhy) (here R= Me or Ph), here two phosphinate ligands bound to central antimony in
monodentate fashion. Around antimony, distorted trigonal bipyramid geometry was observed
with two phosphinate oxygen atoms occupy axial positions and three methyl groups are
occupying equatorial positions. They also reported metathesis reactions between
diphenylantimonytrichloride and alkali salts of oxo- and thioimidodiphosphinic acids,
Na[(OPPh,)(XPPhy)N] (X= S, O) affords Ph,SbCI,[(OPPhy)(XPPhy)N] (here X= O, S). Here
imidodiphosphinato ligand bonds to central antimony through oxygen or sulfur atoms results in
the formation of novel inorganic ring SbO,P,N/SbOSP,N. Distorted octahedral geometry was

present around the antimony.®'
1.6.5 Reactions of Ph;SbCl,/Ph,SbCl;with phenolic pyrazole:

Our group has also investigated reactivity studies of various organoantimony(V) compounds
with different protic ligands, for example, phenolic pyrazoles, naphthalicpyrazole,t-butylsilane
triol and diol. Reactions of tri- and diorganoantimony halides (Ph,SbCls, Ph3;SbCl;) with
phenolic pyrazoles (H,PzPh, H,PhPzPh) or naphthalicpyrazole (H.NpPzH) in the presence of
trimethylamine base yielded mono, di- and tetranuclear organoantimony oxo-hydroxo
compounds [(Ph2Sb),(O)(PhPz);] (32), [(PhaSb)2(O)(NpPz):] (33),
[(Ph;Sb)4(0)4(OH),(HPhPzPh);] (34) respectively (Scheme 17). Based on single crystal XRD
revealed that the presence of four-membered (Sb,0,), five-(SbaN,O), Six- (SboNy4) and eight-
membered (SbsO4) ring systems stabilized by phenolic pyrazole ligand system. A similar
reaction of tri- and diorganoantimony halides (Ph,SbCl;, Ph3SbCl,) with N, O-donor ligands for
example with 8-hydorxy quinolone (8-HQ) forms organoantimonyoxo bridged dimer
[(PhaSb),(8-HQq)2(0),],with  2-pyridine methanol(HPM) forms [(Ph;Sb)(PM)(Cl)], with
triethanolamine (TEA) forms mononuclear organoantimony compound [(Ph,Sb)(TEA)], which

crystalized in chiral space group.™
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Ph,SbCl; + M — [(PhySbCl,)(HPhPzPh)]
OHHN~-N (Monomer)
& Et;N
Ph3SbCl,/Ph,SbCl; + HN-N  — [(Ph2Sb)y(O)(PzPh]
OH (Dimer)
32
N Et;N
Ph3SbCl 2 O —————= [(Ph,Sb),(0)(PhPzPh),]
OH HN=N (Dimer)
Et;N
Ph3SbCl,/Ph,SbCl; + CO — [(thSb)z(O)(NpPz)zl
Z >—H (Dimer)
OHHN~N 33
Et;N
PhaSOCls O o ) —E s (PRShUrPHRZR OO
/
OHHN~N (Tetramer)
Scheme 17 34

1.6.6 Reactions of Ph;SbCl,/Ph,SbCl;with silanetriols and diols:

Reaction of diphenylantimonytrichloride with #-butyl or cyclohexylsilane triol and diphenyl
silane diol in toluene at reflux conditions with Et;N as a base affords hexanuclear
organoantimony(V) oxo-hydroxo clusters, [(Ph,Sb)4(PhSb),(RSi03),(0)s(OH),] (35) (here R= ¢-
butyl, cyclo-C¢H;;) and trinuclear antimony(V) and hexanuclear mixed valent antimony(I1I/V)
oxo-hydroxo clusters [(Ph,Sb)(PhSb),(Ph,S10,),(0)3(OH),], (36)
[(Ph2Sb)4Sb)»(PhSi10,),(0)s(OH),], (37) respectively (Scheme 18). Interestingly this cluster
assembly is built up of incomplete Sb;Oscubane sub units. Sb-C bond cleavage was also
observed during the cluster formation. Here mixed valent antimony (III/V) cluster formation

occurs from the reduction of organoantimony (V) starting material.*
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1.6.7 Reactions of Ph;SbCl,/Ph,SbCl;with diorganotellurium oxides:

The reaction of diphenylantimonytrichloride with diphenyltellurium oxide in toluene solvent
under reflux conditions results in the formation of Ph,TeCl, as a major product and
[(PhSb)4(O)4(Ph,CISbO3)4] (38) as a minor product. Interestingly, the same reaction between
diphenylantimony trichloride and dimesityltellurium oxide results in the formation of a lewis
acid-base adduct Ph,SbCl;.Mes,;TeO (Mes= mesityl) as the only product. Similar reaction of
triphenylantimony dichloride with diphenyltellurium oxide/dimesityltellurium oxide affords
Ph;TeCl and [(ClMes,Te),0] respectively (Scheme 19).Here triphenylantimony dichloride/
diphenylantimony trichloride acts as a halogen transfer reagents. All the compounds were
structurally characterized by single crystal XRD, IR, (‘H, °C and '*Te) NMR spectroscopy.
Here, diphenylantimony trichloride self-assembled in the presence of diphenyltellurium oxide to
form a octanuclear organoantimony oxo cluster [(PhSb)4(O)4(Ph,CISbO;)4], where four

diphenylchlorostibinates formed the central SbsO4 cubane core. In compound tetramesityl
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ditelluroxane dichloride [(ClMes,Te),O] secondary C-H...Cl interactions are present and

responsible for the formation of wave-like supramolecular structure.™

Ph,TeO
— Ph,TeCl, +[(PhSb),(0)4(Ph,CISbO,),]

Toulene 38

Ph,SbCl; ———
2 3 reflux, 12 h

Mes,TeO
—— > Ph,SbCl5.Mes,TeO

Ph,TeO
> Ph;TeCl

Toulene (Mes= mesityl)

Ph,SbCl, ———
32 eflux, 12 h

Mes, TeO
L » (ClMes,Te),0

Scheme 19

. /

1.6.8 Reaction of triarylantimony(V) oxide with phosphonic acids:

The reaction of polymeric triarylantimony oxide with phosphonic acids in the presence of
dichloromethane solvent at room temperature affords organoantimony(V) complexes. With
diphenylphosphinic acid andz-butylphosphonic acid it forms [Ph3;Sb(Ph,PO,),] (39) and
[PhsSb(~-BuPOsH),] (40) respectively (Scheme 20). With phenylphosphinic acid, dinuclear
organoantimony complex [Ph;Sb(HPhPO,;),], (41) is formed, this complex shows P-H three-
bond coupling in solution >'P NMR spectrum. With phenylseleninic acid, it forms different types
of products depends on the crystallization solvent. If crystallized in dichloromethane solvent
forms [Ph3;Sb(PhSeO,),], (42) and if crystalized in acetonitrile solvent, it forms [(Ph3Sb),(p-
O)(n-PhSe0y;),] (43). Here interestingly, the compound [Ph;Sb(#~-BuPOsH);] undergoes further
hydrolysis in toluene at reflux conditions in the presence of tetracthylammonium hydroxide as a
base resulting in the formation of trinuclear organoantimony complex {(Ph,Sb),(PhSb)(us-
0)(n2-0)2(OH),(-BuPOs3),[(C,Hs)aN]2}, (44) in which in situ dearylation occur and also
phenylstibinic acid Ph,Sb(O)(OH) and phenylstibonic acid PhSbOs;H, moieties are in situ
generated during complex formation. All the compounds were structurally characterized by

single crystal XRD, IR, (‘H, °C, *'P and "Se) NMR spectroscopy.85
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1.6.9 Reaction of triphenylantimony (V) oxide withdiphenyltellurium oxide:

The reaction of polymeric triphenylantimony oxide with diphenyltellurium oxide (1:2 molar
ratios) in toluene at reflux conditions affords {(CsHs);Te}s{[(CsHs)2Sb"14(Sb™)4(0)12(OH)4}
(45) (Scheme 21) (Figure 13). The tetra anionic cluster core is stabilized with the help of weakly
bounded four triphenyltellurium cations. Here two antimony tetramers are connected through p,-
oxo bridges results in the formation of the SbgO;¢ core. Here interestingly mono dearylation
occur and reduction of organoantimony(V) starting material happen, resulting in the formation of

mixed valent organoantimony(IIl/V) clusters.**

Toulene
(Ph;SbO), + Ph,TeO ———> {(CeHs)3Te} 4{[(CeHs),SbV14(Sb)4(0)2(OH),}
reflux, 12h

Scheme 21 45

d. ]

A

Figure 13: Molecular structure of {(C¢Hs)sTe}4{[(C¢Hs)2Sb" J4(Sb™)4(0)12(OH)4} (45). Color
code: Cyan: Sb, Blue: Te, Red: O.
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1.6.10 Reactions of Ph,SbCl; with silver acetate:

Sowerby et al reported the reaction of diphenylantimony trichloride with silver acetate in
toluene, which affords oxygen-bridged compound [Ph,Sb(OAc),],O (46). In this compound
around antimony, seven coordination numbers were present and the geometry around antimony
is distorted pentagonal bipyramid. Further hydrolysis of diphenylantimony triacetate leads to the
formation of the tetrameric complex [PhgSbsOs. (HOAcC);] (47) (Figure 14). The structure
consists of a non-adamantane type SbsOg basic structural unit. Two four-membered Sb,O, rings

are further connected through the p,-oxo bridge that forms the Sb,O4 cage.™

\

o)
HsC_—0 Q CHs Ph\| O o
~—
\To\\ o /07 F>h/| 0 \Ph
, \o ’ \-—O o) o)
o P Ph o) Ph
\( @O\( \/ ~! .~
~
CHs, |
o)

Ph

CHs Ph

(a) (b) CHs
Figure 14: Structures of (a) [Ph,Sb(OAc),],0 and (b) [PhgSb,O4.(HOAC);]

. /

1.7 Diorganoantimony based ps-peroxo complex:

Tetraorganodistibanes (R,Sb), (R= alkyl or aryl) are highly air-sensitive. Tetraaryldistibanes
(aryl= Ph, o-Tol, p-Tol) are prepared by the reaction of R,SbNa with BrCH,CH,Br in liquid
ammonia. Diorganoantimony based ps-peroxo complex was synthesized by treating tetra-o-
tolyldistibines R,Sb-SbR, with oxygen O;(in the presence of air) and subsequent oxidation with
H,0, forms an intermediate compound [(0-Tol),Sb]4O¢ (48) (Scheme 22).The solution stability
of this complex was identified by mass spectrometry. In solid state structure, all antimony atoms

are present in corners of square planar arrangement.®’
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30, H,0,
R,Sb-SbR, —— (R,8b)40 ————— [(R,Sb0),(0,),]

R= 0-Tol Scheme 22 48

1.8 Triply and Quadruply bridged organoantimony(V) compounds:

Sowerby et al synthesized several triply and quadruply bridged organoantimony(V) compounds
by the reactions of [(Ph,SbBrO),] with Na(O,AsR;) (R= Ph, Me). Quadruply bridged
organoantimony(V) compound [(PhySb),(u-O),(n-OAsMe;),] (49) (Figure 15) were
synthesized by treating [(Ph,SbBrO);] with 1 mole of Na(O,AsMe;) in dichloromethane. The
structure consists of a four-membered Sb,O, ring chelated by arsenate ligands on both sides.
Triply bridged organoantimony(V) compound [(Ph;Sb),(n-O)(n-O,AsMe;),](50) (Figure 15)
was synthesized by treating [(Ph;SbBr),0]) with 2 moles of Na(O,AsMe,) in dichloromethane.
All the compounds were structurally characterized by single crystal XRD, IR, 'H, °C NMR
spectroscopy and ESI-MS studies.®

HaC CH
H3c\AS _CHs 3 N 3
N o o
0 Ph / | /Ph
Ph\ / /O\ | /Ph Ph_\ —O0—  Ph
/
F’h/\ o | \Ph Ph/(\D (L\Ph
O\AS/O >As\/
H3C/ en HsC CHs
(@) 49 (b) 50

Figure 15: Structures of (a) Quadruply bridged compound and (b)Triply bridged compound
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1.9 Hypervalency in Organoantimony (V) compounds:

In general, most of the organoantimony(V) complexes, antimony has a coordination number of
five. In certain complexes, antimony shows six or seven coordination numbers. Even some
times, it might reach eight due to the hypervalent nature of antimony. Bi- and tridentate ligands
generally promote hypervalency, usually when the pendent arm's donor atoms coordinate
through a dative bond to the antimony center. Reactions of diphenylantimony(V) trihalides
(Ph,SbCls), with silver salts of carboxylic acids, affords oxo- bridged -carboxylates
[Ph,Sb(O,CPh),],0 (51).Here antimony atoms are present in seven coordination numbers.
Reaction of triphenylantimony(V) dihalides (Ph;SbCl,, Ph3SbBr;) with N-phenyl glycine or
aryloxy acetic acids or triphenylgermanyl propionic acids results in the formation of seven

coordinated organoantimony complexes (Scheme 23).*

e N
C o/C‘
7N \O
o \ /_Ph
Ph\\ /O\ <
PhySbCly + 2Ag0,Ph ——  pn— , Ph + 2AgCl
o) O, o
\\ O N 7
c” ¢
O« C
Ph\ Ph
Et;N  Ph_ o— //o
PhySbBr, + C(H;NHCH,COOH ——>  NH C/c’ / | Ny C’C “NH
H> "Ph
Ph Ph
R! /O | /\C/,O\ <O\
PhySbCl, + BN -\ ——> R0 <07 | Do=t _0o-R
AN Ph
OH
Ph Ph
Ph, o~ AN
Ph;SbBr, + Ph;GeCH,CH,COOH —> PFt:h Ge c? /I N C\/\Ge
Ph
Scheme 23
. _J
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1.9.1 Synthesis of hypervalent antimoniated Schiff base:

Sharma et al reported antimoniated Schiff bases by treating tris(o-formyl phenyl)stibine with
(R)-4-dimethyl benzylamineor(R)-2-aminobutan-1-ol affords 1-[2-(bis{2-[(1-R-p-
tolylethylimino)methyl]phenyl}stibanyl)benz-E-ilidene]-(1-R-p-tolylethyl)amine ~ (52)  and
tris[(R)-2-benzyliden-2-yl-amino)butan-1-ol]stibine (53) respectively (Scheme 24). These two
chiral antimoniated Schiff bases have been structurally characterized by 'H, “C NMR
spectroscopy, IR, single crystal XRD and mass spectrometry. In solid state structures,
hypervalent interactions are present in between Sb and sp> N atoms. Interestingly in tris[(R)-2-
benzyliden-2-yl-amino)butan-1-ol]stibine, around antimony atom eight coordination was

possible due to intramolecular Sb-O interactions.”

HaClY,

H
(R)-4-dimethyl benzyl amine

-

: " 5
HE /Q){/CH:;,

1-[2-(bis {2-[(1-R-p-tolylethylimino)methyl]phenyl} stibanyl)benz-E-
ilidene]-(1-R-p-tolylethyl)amine

he!

ST

(R)-2-aminobutan-1-ol

Scheme 24
tris[(R)-2-benzyliden-2-yl-amino)butan-1-ol]stibine

. /
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1.10 Polyoxometalates (POMs):

Polyoxometalates (POMs) can be defined as a distinctive class of discrete anionic metal-oxygen
clusters of early d-block elements in their higher oxidation states (e.g., W™ Mo', V™).
Berzelius synthesized the first POM in 1826 from the mixture of ammonium molybdate and
phosphoric acid forms a yellow precipitate called ammonium 12-molybdophosphonate
(NH4)3[PM012040].91 Few years later, heteropolymolybdate of Cr’" and Fe** was reported by
Struve.”’In the early stage of the twentieth-century Keggin anion’> [PW,040], Anderson-Evans
isopolyanion [M07024]6' and heteropolyani0n94[XM06024]“', Lindquist anion’’ [M06019]2'and
Wells-Dawson”® [P2W18062]6' structures served as a platform for the discovery of new other
compounds. In recent years, a number of researchers, for example, Pope and Muller have
extensively investigated different polyoxoanions’’ and synthesized the largest POM, giant
wheel-shaped polyoxomolybdate {Mojss}, which is made up of 154 molybdenum atoms
embedded in an oxygenatoms.”*The coordination chemistry of POMs with transition metal
cations was extensively studied for the last two decades. In contrast, exclusively only main group
elements containing POMs are scarce, Although heteropolyoxometalates consist of main group
elements reported in the literature.”” Recently, Mehring et al reported that polynuclear giant
bismuth (Bisg) oxido clusters showed structural similarities with POMs.'®’POM:s had an different
structural topologies and various compositional versatility; they also show potential applications
especially in the field of catalysis,'”’ magnetism,'” biochemistry'® (electron transport
inhibition), medicine'” (anti-tumoral, antiviral and anti-HIV), electrochemistry,'®’
photochromism'®, material science and nanotechnology.'”” Discrete polynuclear finite-sized
metal oxo clusters and polyoxometalates are an important area of research; hence it is long
believed that there finite-sized cluster assemblies/ POM could act as links between the molecular
level components to extended metallic lattices. Studying properties of metal oxo-hydroxo
clusters/ POMs could probably help in understanding the link between the properties exhibited
by molecules at earlier stages of their associates to the stage wherein metallic networks are
formed. Metal oxo-hydroxo clusters based on transition metal ions and lanthanides have been
found to show various applications ranging from properties like SMMs to host for occlusion and

transport of various gases.
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The basic structural difference between metal oxo clusters and POM can be explained in the
following manner. Metal clusters are finite compounds typically consisting of a large array of
metal ions held together by ligand systems such as oxides, carboxylates, phosphinates,
phosphonates and various well known Schiff base based systems. Usually metal oxo core is
stabilized by ligand coordination present at the periphery of a cluster, which helps keep the metal
oxo assembly together. The interaction between metal centers is determined by the varying
manner of ligand coordination that binds the metal ion together. POM frameworks, on the other
hand are usually assembled by varying pH of the solution wherein metal oxide-forming various
cluster types as popularly known by some common structural form described as Keggin, Dawson
wells and so on. At present, POMs functionalization with different organometallic moieties
constitutes a fascinating area of interest and these substituted polyoxoanions can be used in
crystal engineering.'” Organotin functionalized polyoxoanions are used as an anti-tumor

109
agents.

1.10.1 Synthesis of first crystalline organostibonicmolybdate:

Sb (III) polyoxometalates (POMs) are well documented in the literature''° due to their important
applications in the field of biology, heterogenous oxidation catalysis. In contrast, the chemistry
of organoantimony (V) functionalized POMs were quite rare. The first crystalline
organoantimony (V) POM [(PhZSb)z(u—O)z(p—MOO4)]2' (54) (Figure 16) was reported by the Liu
group in the year 1989."'Reaction of triphenylantimony di-iodide with tetra n-
butylammoniummolybdate in dichloromethane solvent results in the formation of organostibonic
molybdate, in which two MoQOy tetrahedra units bridge to the Sb,O, core. Here two octahedral
Ph,SbO, groups and two tetrahedral MoOsare sharing four oxygen atoms alternatively. In the
year 1994, Krebs et al synthesized isostructural tungsten analogue (n-BuyN),[(Ph,Sb),(p-O)a(p-
WO,)] by treating Ph,SbCl; with (n-BusN)[WO4] in acetonitrile solvent.''> Winpennyet al
synthesized reverse Keggin ion {[Mn(PhSb);,025][Mn4(H,0)]}, in which transition metal ions
are encapsulated at the centerin the tetrahedral environment and twelve {PhSb} groups are
present in addenda positions.37 Nicholson et al also synthesized different polyoxostibonates
[MzHg(RSb)1203o]2'(M= Na, K) and [LiH3(p-MeC6H4Sb)12023]4' in the presence of the basic

medium, detail study discussed in organostibonic acid reactivity part.*®
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Figure 16: Structure of Organostibonicmolybdate [(Ph,Sb),(1-O)2(u-MoO4)]* (54).

1.10.2 Synthesis of Polyantimonate:

Antimonate easily undergoes polymerization in acidic solution, but the chemistry of
polyantimonate still has not been investigated properly due to their poor solubility. Yagasaki et
al reported the first inorganic polyantimonate by the reaction of antimonic acid KSb(OH)s with
tetra n-butylammonium hydroxide solution affords (n-BusN)4[SbgO;2(OH)y]. Molecular
structure of this compound reveals four tetra n-butylammonium cations are stabilized the
tetraanionic core [SbsO12(OH)]". The structure comprises four Sb,Oyo sub units and each
Sb,0;omoietiesarefurtherconnected by sharing the corners of the SbOgoctahedraand formation of
the SbgOs; core occurs. The connection pattern of SbOgoctahedra in the [SbgOlz(OH)20]4’ was
similar to the rutile structure. Further reaction of this polyantimonate [SbgO;2(OH)y]* with
(CHj3)(#-C4Ho)S10H silanol affords new polyantimonate [SbsOs(OH)0]*, it built around a SbsO4
core. Another polyantimonate hexameric oxo-chloro-antimonate [Sb6010C114]4'was synthesized
by the phosphoraneiminato complex (Ph;PN)SbCl, with chlorine, followed by partial hydrolysis
in acetonitrile. The compound has tetraanionic core [Sb6010C114]4' and 1is stabilized by four

Ph;PNH2+counter cations, in which central unit Sb4Og¢ skeleton is presen‘[.113
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1.10.3 Synthesis of Lanthanide Antimony(III)Oxohalides:

Lanthanide antimony oxohalide nanocluster [Pr4SbHIlelgCh7]5' was synthesized by the
hydrothermal reaction of praseodymium acetate Pr(OAc);.H,O with SbCl; in a mixture of water
and 2-methyl pyridine. Single crystal XRD studies reveals that the compound consists of
[Pr4SbIleOlgC117]5' anionic cluster core; it is stabilized by five mono protonated 2-
methylpyridine cations. The discrete cluster contains four deca coordinated Pr’" ions, twelve
Sb*" ions in tetra coordinate trigonal bipyramid geometry, twelve p3-O ions, six py-O ions, one
ps-Cl ion, twelve terminal chloride ions and four additional chloride ions forming secondary

bonds with Sb*" cations only.'*

X-Y Haung et al reported the first largest Sb(III) metal-based oxohalide cluster
[BaBSbIHg(,C134O54]8'. It is considered as the first example, consists of discrete alkaline earth
metal ions and largest Sb metal based oxo chloride cluster. It was synthesized by the
hydrothermal reaction of barium hydroxide, SbCls, water and 3-methyl pyridine results
formation of barium-antimony-oxo-halide cluster [Ba; 3SbHI36C134O54]8'. The solid state structure
consists of one centered eight coordinated Ba*" ions, surrounded by twelve four coordinated Ba*"
ions and {Sb3cOs4} moiety. Interestingly this cluster show high proton conductivity at room

temperature as well as the high temperature at 70 °C.'"
1.10.4 Synthesis of Sb(V), Sb(V/III) and Sb(IIT) functionalized POMs:

Synthesis and structural characterization of antimony containing polyoxomolybdates is an active
research area due to molybdenum oxides containing antimony plays an important role in
heterogeneous oxidation catalysis. Sasaki synthesized the first antimony containing
polyoxomolybdate [HZSbVMo6024], it structure similar to well-known heptamolybdate.116 J.
Wang and coworkers reported novel mixed-valence antimony polyoxomolybdate
[SbY4Sb™,Mo,5073(H,0),]. This polyoxoanion contains mixed-valence six antimony and 18
molybdenum atoms with oxygen networks, forming an unusual multilayer structure.''” Novel
antimony (V) substituted polyoxomolybdate [SbsMo;2(OH)sO4] has been synthesized by the
reaction of heptamolybdate and antimony(V) oxide in an aqueous solution. The structure
contains Sb4(OH)sO14core,in which six oxygen atoms octahedrally coordinate to all antimony

atoms. Based on bond valence calculations, all antimony atoms are in +5 oxidation state and all
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the molybdenum are in +6 oxidation state. This POM was structurally characterized by single-

crystal XRD, energy dispersive X-ray fluorescence analysis, Raman and IR spectroscopy.''®

Recently U. Kortz's group reported various organoantimony functionalized POMs. Sandwich-
type organoantimony (V) polyoxotungstophosphate {[PhSb"(OH);[A-a-PWs0s4]}" (55) (Figure
17)was obtained by the solvothermal reaction of diphenylantimony trichloride with Nag[A-o-
PWy0Os34] in a mixture of lithiumacetate buffer/methanol solution.!”” It has a dimeric, sandwich-
type structure, in which three {PhSb"(OH)} octahedral fragments present in between two {PWo}

Keggin units. Interestingly one phenyl ring is lost during the formation of this polyoxoanion.

(@) (b)

Figure 17: Molecular structure of (a) {[PhSb"(OH);[A-0-PW4034]}" (55) and (b) [(PhSb™)4(A-
0-GeWo014)2]'> (56). Color code: Cyan: Sb, Blue: W, Pink: P, Green: Ge, Red: O.

The group also synthesized three discrete organoantimony(IIl) containing heteropolytungstates
[(PhSb™)4(A-0-GeWo034):]"* (56), [(PhSb™)4(A-0-PWO34)2]'", {[2-(Me,;NCH,CeH,)Sb™ ]3(B-
0-AsWo033)]* and three sandwich-type phenylantimony(Ill) containing tungstoarsenates
[(PhSb™)(NaH,0)As, W 160¢,(H,0)]', [(PhSb™),As, W 19067(H,0)]'", [(PhSb™)3(B-a-
AsWo0s3),]'%.
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All the compounds were structurally characterized by heteronuclear (‘H, °C, *'P and '®W)
NMR spectroscopy, IR, single crystal XRD and Thermogravimetric analysis (TGA). Solid state
structure of these polyoxoanions suggest dimeric, sandwich-type structure, in which {PhSb"™"}
fragments present in between two {A-a-XWyOs4} (here X= Ge, P) Keggin units. Around
antimony (II) atoms tetra coordination was present with sea saw geometry and lone pair of
Sb(III) and phenyl groups are in equatorial positions. Based on biological studies of these POMs
the gram-positive bacterium Bacillus Subtills has a slightly higher sensitivity towards these
polyoxoanions as compared to the gram-negative organism Escherichia Coli, so based on the

above observation, these polyoxoanions are may act as potent anti-microbial agents.'"’
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1.11 Motivation and Aim of present work:

The first motivation of our work is to increase the solubility of arylstibonic acids. Arylstibonic
acids are known since the last decade, but exact molecular structures are unknown due to their
insolubility problems and they exist as white amorphous powders. To overcome insolubility
problem of arylstibonic acids we introduced isopropyl, z-butyl, 2-butyl at para position of aniline
resulting in the formation of soluble arylstibonic acids. Lipophilic arylstibonic acids have been

synthesized and characterized.

Self-condensation reactions of arylstibonic acids with different protic ligands like phosphonic
acids, phenylseleninic acid and silanetriol were carried out. Our aim is to synthesize the
organoantimony clusters with other main group elements like phosphorus (P) and silicon (Si).
Here arylstibonic acid phosphonate pro-ligands are also soluble in a common organic solvent, so

we can further use this polydentate oxygen ligand to incorporate various metal ions.

An Arylstibonic acids partial condensation reaction with phosphonic acids affords
organoantimony oxo-hydroxo clusters. These clusters act as pro-ligands and can coordinate with
various transition metals under hydrothermal conditions in the presence of a base. Using a
similar synthetic strategy, we plan to synthesize lanthanide metal clusters with mixed
antimonate-phosphonate pro-ligand under hydrothermal conditions. The details of the

experimental work carried out are given in chapter 2 to chapter 5.
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Monoorganoantimony (V) Phosphonates and Chapter
PhosphoSelininates 2

Abstract: Molecular oxo-hydroxo clusters based on monoorganoantimony(V) motifs have been
assembled by the reactions of arylstibonic acids with protic ligands like #-butylphosphonic acid,
phenylphosphonic acid, phenylseleninic acid and #-butylsilane triol. Interestingly reaction of
arylstibonic acid with #-butylsilanetriol has led to the isolation of organoantimony(V) based
molecular triangle stabilized by siloxane frameworks. Single crystal X-ray structural elucidation
revealed the formation of [(p-1Pr-CcH4Sb)4(OH)4(-BuPO3)6](2.1), [(p-t-Bu-
CsH4Sb)4(O)2(PhPO3)4(PhPOsH)4](2.2), [(p-1Pr-CsH4Sb)4(0)4(PhSeO;),(-BuPO3)4(z-
BuPO3H;):](2.3), [(p-Me-CcHaSb)4(O)4(PhSeO,),(-BuPO3)4(--BuPOsH,),](2.4),  [(p-t-Bu-
CsHaSb),(0)(PhSeO;,),(-BuPO3H)4] (2.5) and [(p-1Pr-CsHaSb); {(2-BuSiO;)4(#-BuSiO,0H); } (13-
O)(1-OH),] (2.6) respectively. ESI-MS studies revealed that the clusters maintain their structural
integrity in the solution also. Solution NMR studies (‘H, *'P, ”’Se and *’Si) show spectral

patterns which correlates well with the observed solid state structures of 2.1-2.6.
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2.1 Introduction

The ability of organostibonate-phosphonate cluster to act as pro-ligand for assembling cobalt
based molecular clusters has been reported in 2007." Though stibonates and phosphonates can
independently act as ligands towards metal ions, the pro-ligand cluster method provides a single
source precursor combining the coordinating ability of stibonates and phosphonates motifs, that
can serve as a novel ligand platform which could be employed for stabilizing new types of
polynuclear metal based oxo hydroxo systems. Synthesis and structural characterization of
organoantimony (V) based molecules and clusters have gained attention and is currently an area
of active research.” Beckmann et al reported the synthesis and structural characterization of
organostibonic acids stabilized by bulky organic substituents on the antimony atom.” Apart from
X-ray structure determination, mass spectrometry has also been used to understand the basic
structural motifs involved in the assembly of organostibonate based polyoxometallates (POMs)
systems.* The biological activity exhibited by organostibonic acids needs a special mention.’

Recent reports have also suggested the potential application of organostibonic acids as

antimicrobial agents.’

In this manuscript, synthesis of new organostibonates / phosphonates based molecular clusters
and a three component system (Sb/P/Se) involving reactions of organostibonates with
phosphonic acid and seleninic acid are discussed. Reaction of p-chlorophenylstibonic acid with #-
butylphosphonic acid led to the isolation of the dinuclear organoantimony (V) oxo cluster as
reported by Winpenny ef al.’” In the present study, use of p-isopropyl and p-tertiary butyl
substituents on phenylstibonic acid have been used as starting materials. Importantly these
organostibonic acids are soluble in common organic solvents, unlike the literature reported
example wherein the p-halophenylstibonic acids are insoluble white powders.4 The intention of
this study is twofold, 1) to investigate the change in reactivity of organostibonic acids with the
change in organic substituents on the Sb atom and 2) to analyze the solubility difference of the
organostibonic acids would affect the reactivity part on reaction with various protic ligand
systems. Synthesis and structural characterization of discrete main group based molecular oxo-
hydroxo clusters containing antimony, phosphorus and selenium atoms are reported in this
manuscript. ESI-MS studies reveal that the integrity of solid state structures is retained in

solution as well.
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2.2 Experimental Section

2.2.1 General Information:

Arylstibonic acids® (aryl= p-isopropylphenyl, p-t-butylphenyl and p-methylphenyl), -
butylphosphonic acid’ and r-butylsilane triol'® were synthesized according to literature reports.
Phenylseleninic acid, phenylphosphonic acid, solvents and common reagents were purchased
from commercial sources. All the compounds used were dried under a high vacuum for half an

hour before subjected to spectroscopic and elemental analysis.
2.2.2 Instrumentation:

Infrared spectra were recorded with a JASCO-5300 FT-IR spectrometer as KBr pellets. The
solution IH, 13C, 31P, "'Se and ¥Si NMR spectra were recorded with a Bruker AVANCEIII 400
instrument. Elemental analysis was performed with a Flash EA Series 1112 CHNS analyzer.
ESI-MS spectra were recorded using Bruker Maxis HRMS (ESI-TOF analyzer) equipment.
Single-crystal X-ray data collection for compounds 2.1-2.6 was carried out at 100(2) K with a
Bruker Smart Apex CCD area detector system [A (Mo-Ka) = 0.71073 A] with a graphite
monochromator. The data were reduced using SAINTPLUS. The structures were solved using
SHELXS-97'" and refined using the program SHELXL-2014/7.'> '* All non-hydrogen atoms
were refined anisotropically. In 2.2 the disorder associated with phenyl rings were constrained
using EADP, ISOR, DELU, SIMU instructions in SHELXL-2014/7. The compound 2.3 have
residual electron density owing to solvent of crystallization (acetonitrile) which could not be
properly fixed. In, 2.4 disordered solvent accessible voids are present in the asymmetric unit.
These solvent contributions were removed by using the SQUEEZE'* command in PLATON",
The total electron count 64 (belongs to three disordered acetonitrile solvent molecules) with a

void volume of 343 A* (8%) per unit cell in 2.4 was removed by SQUEEZE.
2.2.3 Synthetic procedure for compounds 2.1-2.6:

The general synthetic methodology adopted is as follows: The appropriate reagents
(Organostibonic acid/Phosphonic acid/Seleninic acid/z-butylsilanetriol) were taken in 1:2 (or)
1:1:1 mole ratios and stirred in acetonitrile (15mL) for 24 h at room temperature resulting in the

formation of a white cloudy solution. The solution was filtered and on slow evaporation of
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acetonitrile, crystals were isolated. Colorless block crystals suitable for single crystal X-ray
studies were grown from acetonitrile filtrate in one week time. Molar ratios and weights of the

reactants used are as follows.

Compound 2.1: p-Isopropylphenylstibonic acid (0.100g, 0.343 mmol) and z-butylphosphonic
acid (0.095g, 0.687 mmol). Yield: 0.136 g (86% based on p-isopropylphenylstibonic acid). Decp
temp: 275-276 °C. Anal, Calcd (%) for CsoH0202:P6Sb, (1848.32): C 38.99, H 5.56. Found: C
39.12, H 5.41. '"H NMR (400 MHz, CDCls;, ppm) &: 7.78 (d, 8H), 7.21(d, 8H), 3.00-2.90 (m,
4H), 1.25(d, 24H), 1.21(d, 18H), 1.14(d, 18H), 0.86(d, 18H).">’C NMR (100 MHz, CDCl;) &:
150.47, 133.09, 125.94, 34.06, 32.42, 30.96, 25.26, 23.93 ppm. *'P{'H} NMR (162 MHz,
CDCl3) o: 34.47, 32.09, 24.99 ppm. IR (cm-1, KBr pellet): 3402(wide), 2964(s), 2909(m),
2876(s), 1479(s), 1397(s), 1364(w), 1252(m), 1074(m), 986(m), 816(s), 652(s), 553(s).

Compound 2.2: p-t-Butylphenylstibonic acid (0.100g, 0.327 mmol) and phenylphosphonic acid
(0.103 g, 0.655 mmol). Yield: 0.148 g (79% based on p-t-butylphenylstibonic acid). Decp temp:
267-268 °C. Anal, Calcd (%) for CggHosO26PsSbs (2304.51): C 45.86, H 4.20. Found: C 45.62, H
4.38. "H NMR (400 MHz, CDCls, ppm) &: 7.90-7.75 (m, 16H), 7.65 (d, 8H), 7.53-7.40(m, 16H),
7.35(d, 8H), 7.15(d, 8H), 1.20(s, 36H). '°C NMR (100 MHz, CDCls,) &: 153.44, 144.68,
132.45, 129.51, 127.67, 126.25, 125.44, 34.69, 31.08 ppm. *'P{'H} NMR (162 MHz, CDCl3) :
12.09, 0.85 ppm. IR (cm-1, KBr pellet): 3063(wide), 2959(s), 2866(m), 1436(s), 1397(s),
1140(m), 1090(s), 1014(s), 981(s), 822(m), 756(s), 718(m), 690(s), 542(s).

Compound 2.3: p-Isopropylphenylstibonic acid (0.100g, 0.343 mmol), z-butylphosphonic acid
(0.048g, 0.343 mmol), and phenylseleninic acid (0.065g, 0.343 mmol). Yield: 0.124 g (65%
based on p-isopropylphenylstibonic acid). Decp temp: 280-281 °C. Anal, Caled (%) for
C7,H,14026PsSe;Sby (2226.46): C 38.84, H 5.16. Found: C 38.76, H 5.21. "H NMR (400 MHz,
CDCl3) 6: 8.02-7.80(m, 10H), 7.56(d, 8H), 7.45(d, 8H), 3.35-3.60(m, 4H), 1.36 (d, 24H), 1.19
(d, 18H), 1.03(d, 36H). *C NMR (100 MHz, CDCl3) : 151.28, 149.20, 146.78, 141.69, 133.12,
128.62, 116.35, 34.07, 30.92, 24.92, 23.73 ppm. *'P{'H} NMR (162 MHz, CDCLs) &: 34.97,
30.32 ppm. 'Se{'H} NMR (76.3 MHz, CDCls) &: 1079.14 ppm. IR (cm-1, KBr pellet):
3408(wide), 3035(m), 2958(s), 2926(m), 2904(m), 2871(s), 1669(s), 1489(s), 1397(s), 1364(s),
1240(m), 1118(s), 1030(m), 1008(m), 822(s), 767(s), 734(s), 668(s), 542(s).
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Compound 2.4: p-Methylphenylstibonic acid (0.091g, 0.343 mmol), ¢-butylphosphonic acid
(0.048g, 0.343 mmol), and phenylseleninic acid (0.065g, 0.343 mmol). Yield: 0.122 g (68%
based on p-methylphenylstibonic acid). Decp temp: 278-279 °C. Anal, Calcd (%) for
CesHogO26PsSe;Sby (2114.25): C 36.36, H 4.67. Found: C 36.28, H 4.63. 'H NMR (400 MHz,
CDCly) 6: 7.72-7.58(m, 10H), 7.18(d, 8H), 6.80(d, 8H), 2.25(s, 12H), 1.25 (d, 18H), 1.12(d,
36H). °C NMR (100 MHz, CDCls) &: 143.61, 141.24, 138.72, 132.23, 129.30, 128.65, 127.95,
31.59, 30.98, 29.73, 24.88, 21.49 ppm. *'P{'"H} NMR (162 MHz, CDCl;) &: 35.01, 30.42 ppm.
7’Se{'H} NMR (76.3 MHz, CDCl;) &: 1081.00 ppm. IR (cm-1, KBr pellet): 3430(wide),
3050(m), 2963(s), 2926(m), 2854(m), 1635(s), 1479(s), 1443(m), 1396(s), 1256(m), 1096(s),
799(s), 749(s), 663(s), 559(s).

Compound 2.5: p-t-Butylphenylstibonic acid (0.105g, 0.343 mmol), #-butylphosphonic acid
(0.048¢g, 0.343 mmol), and phenylseleninic acid (0.065g, 0.343 mmol). Yield: 0.135 g (54%
based on p-t-butylphenylstibonic acid). Decp temp: 269-270 °C. Anal, Calcd (%) for
C4gH76017P4Se,Sb, (1450.44): C 39.75, H 5.28. Found: C 39.68, H 5.23. '"H NMR (400 MHz,
CDCls) o: 8.06-8.04(m, 10H), 7.79(d, 4H), 7.56(d, 4H), 1.36(s, 18H), 1.21(d, 18H), 1.05(d,
18H). °C NMR (100 MHz, CDCl;) &: 153.44, 143.61, 132.51, 129.24, 127.65, 125.48, 34.87,
32.66, 31.26, 25.32 ppm. . *'P{'H} NMR (162 MHz, CDCl3) &: 32.41, 29.43 ppm. ''Se{'H}
NMR (76.3 MHz, CDCIs) o: 1065.02 ppm. IR (cm-1, KBr pellet): 3413(br), 3061(m), 2965(s),
2904(w), 2869(m), 1589(m), 1479(s), 1443(m), 1395(s), 1364(s), 1267(m), 1061(m), 1008(s),
822(s), 744(s), 686(s), 665(m), 550(s).

Compound 2.6: p-Isopropylphenylstibonic acid (0.100 g, 0.343 mmol) and #-butylsilanetriol
(0.093 g, 0.687 mmol). Yield: 0.094 g (18.20% based on weight of p-Isopropylphenylstibonic
acid. Decp. temp: 290-293 °C. Anal. Calcd. (%) for compound Cs;Hsg70,7S16Sbs: C, 40.67; H,
5.82. Found: C, 40.75; H, 5.73. 'H NMR (400 MHz, CDCl3): 6 7.63-8.13 ppm (m, 12 H), 3.5
ppm (m, 3 H), 1.21 ppm (d, 18 H), 0.96 ppm (s, 54 H). °C NMR (100 MHz, CDCl3): & 134.73,
127.48, 49.27, 48.84, 34.09, 26.91, 26.83, 23.58. ¥’Si{'H} NMR in CDCls; & -22.07 ppm. IR
(cm-1, KBr Pellet): 2948 (m), 2931 (w), 2854 (m), 1654 (m), 1479 (s), 1397 (m), 1358 (s), 1052
(W), 948 (m), 821 (s).
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2.3 Results and Discussions

Compound 2.1 was synthesized by the reaction of p-isopropylphenylstibonic acid with #-
butylphosphonic acid in acetonitrile (Scheme 2.1). Single crystals suitable for X-ray diffraction
were grown from acetonitrile filtrate. Solution NMR of 2.1 was performed in CDCl; solvent. 'H
NMR of 2.1 shows two distinct doublets (at 7.8 and 7.2 ppm) corresponding to the two sets of
aromatic protons of the isopropylphenyl group attached to antimony and in the alkyl region,
three closely spaced doublets (at 1.2, 1.1 and 0.8 ppm) are present, corresponding to the presence
of three sets of 7-butyl group protons attached to phosphorus. Solution *'P{'H} NMR of 2.1
shows three resonance peaks at 0 = 34.5, 32.0 and 25.0 ppm which indicates the presence of
three different phosphorus environments in 2.1. Reaction of p-chlorophenylstibonic acid with #-
butylphosphonic acid leading to isolation of dinuclear organoantimony (V) oxo cluster was
reported by Winpenny er al’ A change in R group on arylstibonic acid from p-
chlorophenylstibonic acid to p-isopropylphenylstibonic acid results in the isolation of novel

tetranuclear organoantimony (V) oxo cluster.

BP0 o [(RSb),(OH),(BuPOS)g]

2.1: R =p-i-PrC6H4

PhPO;H,
—> [(RSDb)4(0),(PhPO;),(PhPO;H),]

2.2: R :p‘tBUC6H4
RSbO;H,.(H,0), > [(RSb)4(O)3(OH)(PhSeO,),(‘BuPO3)4('BuPO3H,),]
r.t.,24h| PhSeO,H
2.3:R =p -i-PrC6H4
24: R =p—MeC6H4

[BUPO 3 H2

> t
PhSeO,H [(RSb),(O)(PhSeO,),(‘BuPO3H),]
2.5: R =p-'"BuC¢H,
‘BuSi(OH),

> [(RSb);{(‘BuSiO,),(‘BuSiO,0H), } (113-0)(u-OH),]
2.6: R =p—i—PrC6H4
Scheme 2.1

63



Compound 2.1 crystallizes in triclinic space group P-1. Selected bond lengths (A) and bond
angles (°) of 2.1 are given in the table 2.2. The molecular structure of 2.1 (Figure 2.1) reveals
the formation of a puckered eight-membered SbsO, core held together by six phosphonate
ligands. The structure can be described as follows; each Sb is present in an octahedral geometry
with the OsSbC coordination. Of the six phosphonates found in the structure, four phosphonates
(two pairs) bridge Sb-O-Sb motifs, while the other two phosphonates link the two Sb-O-Sb units
along with the hydroxo group resulting in the formation of a tetra nuclear cluster. The
phosphonate coordination mode based on Harris notation is 2.110. As mentioned earlier, the
solution >'P NMR shows the appearance of three discrete signals corresponding to the three types
of phosphonates present in the cluster. ESI-MS data suggests that the structural integrity is
maintained in solution also [M+H moiety, m/z =1849.1473]. The Sb-O bond lengths involving in
the p,-hydroxide fall in the range 1.915(14) to 1.942(14) A. In 2.1, the P-O bond distances falls
in the range of 1.502(17) to 1.561(17) A. These P-O distances are found to be similar and
comparable with the values reported in an organooxotin phosphonate cage [1.516(2) to
1.556(3)A]'® and the corresponding distances in gallium phosphonate cages [1.504(2) to
1.555(2)]"" whereas the P-O distances are found to be slightly longer than those found in a
borophosphonate cages [1.490(6) to 1.506(5) Al"™ The Sb-O bond lengths involving
phosphonates are in the range of 2.008(15) to 2.098(15) A which is similar to the Sn-O bond
lengths involving phosphonates in an organooxotin phosphonate cage [2.065(2) to 2.095(2)A]"
whereas the bond lengths are slightly longer than in gallium phosphonate cages [1.908(2) to
1.946(2)15;].17 The corresponding distances were also longer than those found in a
borophosphonate cages [1.452(10) to 1.493(10)A] reported.18 The Sb-O-Sb bond angles falls in
the range 132.8(8) to 140.1(8)°.

Compound 2.2 was synthesized by the reaction of p-t-butylphenylstibonic acid with
phenylphosphonic acid in acetonitrile (Scheme 2.1). Solution 'H NMR of 2.2 shows two regions
of aromatic protons. First region shows two multiplets (at 7.9 and 7.5 ppm) and one doublet (at
7.6 ppm) corresponding to the protons of the phenyl group attached to phosphorus is present.
Second region shows two distinct doublets (at 7.3 and 7.1 ppm) corresponding to two sets of
aromatic protons of the p-f-butyl phenyl group attached to the Sb atom. In the alkyl region a
singlet (at 1.2 ppm) corresponding to the #-butyl group protons attached to phenyl ring are
observed. Solution *'P NMR of 2.2 shows two resonance peaks at & = 12.0 and 0.8 ppm
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indicating the presence of two different phosphonates present in 2.2. Compound 2.2 crystallizes
in tetragonal space group [-4 with 4 of the molecule present in the asymmetric unit. Selected
bond lengths (A) and bond angles (°) of 2.1 are given in the table 2.2. Solid state structure of 2.2
is similar to earlier reports, where p-chlorophenylstibonic acid is used as a starting precursor.'
When the R group on the arylstibonic acid was changed to p-t-butylphenyl stibonate and
phosphorus bound organic group has been changed to phenyl, the reaction between the
organostibonate and phosphonic acid led to the isolation of structure that is quite different from
compound 2.1. Molecular structure of 2.2 (Figure 2.1) reveals the formation of a tetra nuclear
organoantimony (V) oxo cluster made up of two Sb-O-Sb frameworks. Two pairs of
phosphonate bridge the two Sb-O-Sb units. The two Sb-O-Sb motifs are approximately at right
angle to each other. Of the eight phosphonates present, four are in dianionic form while the other
four are monoanioinic. Each phosphonate chelate to antimony in 2.110 coordination mode. ESI-
MS data reveals the presence of {M-[(RSb),O(PhPOs),]} +3H (m/z =1469.0205) as a major
peak. The spatial arrangement around each antimony atom is in an octahedral geometry with the
O5SbC coordination. The Sb-O bond length involving in the py-oxide is 1.918(5) A. In 2.2, the
P-O bond distances falls in the range of 1.504(10) to 1.558(8)A similar to those found in an
organooxotin phosphonate cage'® and gallium phosphonate cages'’ whereas the corresponding
distances were slightly longer than those found in a borophosphonate cages.'® The Sb-O bond
lengths involving phosphonates falls in the range of 1.982(9) to 2.036(8)A, similar to those
found in Sn-O bond lengths involving phosphonates in an organooxotin phosphonate cage'® and
slightly longer than the gallium phosphonate cages'’ whereas the corresponding distances were
relatively longer than those found in a borophosphonate cages.'® The Sb-O-Sb bond angle is
136.3(7)°.
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Figure 2.1: (Left) Molecular structure of 2.1. (Right) Molecular structure of 2.2. H atoms and

solvent molecule are omitted. Color Code: Cyan: Sb, Pink: P, Red: O.

Compounds 2.3-2.5 were synthesized by the reaction of organostibonic acid with phosphonic
acid and seleninic acid in acetonitrile (Scheme 2.1). The idea was to observe the reactivity of
organostibonic acid in the presence of phosphonic acid and seleninic acid. Solution NMR studies
for compounds 2.3-2.5 was performed in CDCl; solvent. Solution *'P{'H} NMR of 2.3 shows
two resonance peaks at & = 35.0 and 30.3 ppm while ”’Se{'H} NMR shows a single resonance at
o = 1079.1 ppm, which indicates presence of two different phosphorus environments and a
unique selenium environment in 2.3. Similarly, solution *'P{'H} NMR of 2.4 also shows two
resonance peaks at & = 35.0 and 30.4 ppm and ""Se{'H} NMR shows a single resonance at & =
1081.0 ppm. Solution *'P{'H} NMR of 2.5 also shows two resonance peaks at & = 32.4, 29.4
ppm and ""Se{'H} NMR shows a signal at § = 1065.0 ppm. Compound 2.3 crystallizes in the
orthorhombic space group Pbca and 2.4 crystallize in triclinic space group P-1. Since compounds
2.3 and 2.4 are isostructural, the structure of 2.3 is considered for discussion (Figure 2.2).
Selected bond lengths (A) and bond angles (°) of 2.3-2.4 are given in the table 2.3-2.4. The
molecular structure of 2.3 reveals the formation of tetranuclear organoantimony (V) oxo cluster

whose structure is described as follows. Each Sb is present in an octahedral geometry with the
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OsSbC coordination. The cluster core has four Sb centers, in which two sets of Sb atoms are
found in the cluster. The first set of Sb atoms, Sb; and Sb,, are connected between themselves
through two p,- oxo bridges. The second set of two Sb atoms, Sb; and Sby4, are connected
through two phenylseleninic acid O-Se-O bridges. The two different set of Sb atoms are further
connected by the two oxo bridges. Four phosphonates bridge to Sb-O-Sb edge in 2.110
coordination mode. The two phenylseleninic acids form a symmetrical bridge between two
antimony atoms in a bent on fashion. Interestingly the solid state structure of 2.3 has two
uncoordinated #-butylphosphonic acids which crystallize along with the core. These two
phosphonic acids sacrifice their bonding to phenylseleninic acid and are free from coordination
to Sb and stabilize the cluster core by hydrogen bonding. Out of four p,-oxo bridges present,
three are considered as oxide bridges and one considered as hydroxyl, this would account for the
charge balance and hydrogen bonding present in 2.3. As mentioned earlier the solution *'P NMR
shows the appearance of two discrete signals corresponding to the two types of phosphonates:
one phosphonate group bridges the Sb atoms and other is a free phosphonate. The Sb-O bond
lengths involving in the p-oxide fall in the range of 1.911(5) to 2.025(5) A. In 2.3, the P-O bond
distances falls in the range of 1.499(6) to 1.567(5) A similar to those found in an organooxotin
phosphonate cage'® and gallium phosphonate cages'’ and slightly longer than those found in a
borophosphonate cages.'® The Sb-O bond lengths involving phosphonates falls in the range of
2.005(5) to 2.040(5)A similar to those found in Sn-O bond lengths involving phosphonates in an
organooxotin phosphonate cage'® and slightly longer than gallium phosphonate'’ whereas the
corresponding distances were longer than those found in a borophosphonate cages.'® The Se-O
bond distances falls in the range of 1.725(5) to 1.740(5) A similar to those found in Mn;
seleninate cluster [1.703(2) to 1.741(3) A]" whereas the corresponding distances were slightly
longer than those found in an organotin selininate ester [1.682(5) to 1.696(5)A]*° and the
recently reported selenotelluroxane macrocycle [1.678(4) to 1.690(2) A].ZI The Sb-O bond
lengths involving phenylseleninates fall in the range of 2.024(5) to 2.033(5) A, these distances
are comparable with reported Mn; seleninate cluster [1.944(6) to 2.002(6) A]", organotin
selininate ester 2.225(5)A%" and selenotelluroxane macrocycle [2.329(4) to 2.361(4) A].?' Bond
angles of Sb-O-Sb, Sb-O-Se and O-Se-O fall in the range of 102.3(2) to 139.7(3)°, 122.7(3) to
124.3(3)° and 99.7(2) to 100.9(2)° respectively. Bond angles of C-Sb-O fall in the range of
174.7(2) to 179.3(3)° clearly indicating that the geometry around each Sb center is regular
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octahedral (180°). Compounds 2.3 and 2.4, ESI-MS data shows M-(2 -BuPOs;H,) (m/z =
1950.9436, 1838.8250 respectively) as a major peak, suggesting structural integrity in solution as

well.

Figure 2.2: (Left) Molecular structure of 2.3. (Right) Molecular structure of 2.4. H atoms and
solvent molecules are omitted. Color Code: Cyan: Sb, Blue: Se, Pink: P, Red: O, Brown: C

In 2.4 Sb-O bond lengths involving in the py-oxide fall in the range of 1.900(3) to 2.033(3) A.
The Se-O bond distances falls in the range of 1.717(3) to 1.732(3) A similar to those found in
Mn; seleninate cluster [1.703(2) to 1.741(3) A]" whereas the corresponding distances were
slightly longer than those found in an organotin selininate ester [1.682(5) to 1.696(5) A]* and
the recently reported selenotelluroxane macrocycle [1.678(4) to 1.690(2) A]l.>! Bond angles of
Sb-O-Sb, Sb-O-Se and O-Se-O fall in the range of 101.03(14) to 138.13(18)°, 122.8(17) to
128.61(18)° and 98.64(15) to 101.67(15)° respectively. OsSbC coordination present around

antimony atom and geometry around each Sb center is regular octahedral.

Compound 2.5 crystallizes in monoclinic P2,/c space group. Selected bond lengths (A) and bond
angles (°) of 2.5 are given in the table 2.5. The solid state structure of 2.5 (Figure 2.3) reveals

the formation of a dinuclear organoantimony (V) oxo cluster. The molecular structure of 2.5 is
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described as follows; two arylstibonates bridged by a p,-oxide form Sb-O-Sb edge, and this edge
is further chelated by two phosphonic acids in 2.110 coordination mode. Each Sb atom is further
connected with one protonated phosphonate and one phenylseleninic acid. As mentioned earlier
the solution *'P NMR shows the appearance of two discrete signals corresponding to the two
types of phosphonates: one phosphonate group forms a symmetrical bridge between two Sb
atoms and other phosphonate form terminal bond with Sb in 1.100 coordination mode.
Phenylseleninic acid is bound to Sb in a monodentate fashion. For the charge neutrality of cluster
all #-butyl phosphonates are considered as protonated phosphonates. The Sb-O bond lengths
involving in the p,-oxide are 1.929(8) and 1.957(7) A. In 2.5, the P-O bond distances fall in the
range of 1.488(9) to 1.558(8)A similar to those found in an organooxotin phosphonate cagem,
gallium phosphonate cages'’ and slightly longer than those found in a borophosphonate cages.'®
The Se-O bond distances fall in the range of 1.707(8) to 1.735(8)A similar to those found in Mn;
seleninate cluster'’, slightly longer than those found in organotin selininate ester”’ and
selenotelluroxane macrocycle.”’ The Sb-O bond lengths involving phenylseleninates fall in the
range of 2.023(8) to 2.038(8)A, these distances are comparable with reported Mn; seleninate
cluster'’, organotin selininate ester’” and selenotelluroxane macrocycle.”’ Bond angles of Sb-O-
Sb, Sb-O-Se and O-Se-O fall in the range of 134.7(4)°, 123.0(4) to 124.0(4)° and 101.5(4) to
103.9(4)° respectively. ESI-MS data of 2.5 shows M+H (m/z = 1451.0415) as a major peak.

Compound 2.6 was synthesized by the reaction of organostibonic acid with #-butylsilanetriol in
acetonitrile (Scheme 2.1). Selected bond lengths (A) and bond angles (°) of 2.6 are given in the
table 2.5. Crystals of 2.6 were grown by slow evaporation from acetonitrile. The *Si{'H}
solution NMR spectra of 2.6 in CDCI; show the appearance of single resonance signal at -22.07
ppm. Structural elucidation of 2.6 (Figure 2.3) led to the isolation of ps-oxo centered triangle but
with a variation in the siloxane ligand system present. In this case, three molecules of #-silane
triols self-condense to yield a tetra coordinate ligand which binds to the Sb atoms of the triangle
from both sides, hence a more symmetric siloxane bridging present in compound 2.6 and also in
the molecular structure of 2.6 two wu-oxo groups are bridging two Sb atoms. The Sb-O bond
distances, Sb-O-Sb and Sb-O-Si bond angles in 2.6 falls in the range of 1.9149(18) to 2.1316
(18) A, 92.16(7) to 132.66(8)° and 133.23(11) to 141.45(11)° respectively. ESI-MS of 2.6
shows signals corresponding to formula [M+H]" (m/z = 1509.2145) confirming that the

structural stability of 2.6 is maintained in solution also. Interestingly, #-butylsilane triols self-
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condense in situ leading to the formation of two motifs of trisiladioxane leading to the
stabilization of the first structurally characterized oxo-centered organoantimony(V) based
triangular assembly. Though oxo-centered metal triangles are very common in transition metal

chemistry,” they are a rarity as far as main group metals are concerned.”

Figure 2.3 (Left) Molecular structure of 2.5. (Right) Molecular structure of 2.6. H atoms and
solvent molecules are omitted. Color Code: Cyan: Sb, Blue: Se, Yellow: Si, Pink: P, Red: O.

2.4 Conclusion

Tetra- and dinuclear organoantimony oxo-hydroxo clusters stabilized by phosphonate and a
combination of phosphonate/selininate ligation are reported. ESI-MS data reveals that the
structural integrity is maintained in solution as well. *'P, "’Se and *’Si solution NMR values
observed are in accordance to the expected values based on the solid state structure observed and
its solution stability. ~-Butyl silanetriols self-condense in situ leading to the stabilization of the
first structurally characterized oxo-centered organoantimony(V) based triangular assembly. It
may thus be noted that clusters 2.1-2.6 are potentially new main group elements based pro-ligand
systems. Their coordination behavior towards transition metals and lanthanides are currently

being investigated.
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Table 2.1: Crystal data for compounds 2.1-2.6

Formula

F.wt g/mol™

T, K

Crystal system
Space group
Crystal size mm’
a, A

b, A

c, A

a, deg

B, deg

Y, deg

V, A3

Z

Deatea Mg/m3

I, mm-1

F(000)

Theta range, deg

Index ranges

Total reflns
Ind. reflns / R(int)

Completeness to 0.y,

%
GooF(F2)
R1(F)[I>26(D)]
wR,(F?) (all data)

Largest diff peak/hole,

e.A-3

2.1
Ce2H101NO2,P6Sby
1885.25
100(2)

Triclinic
P-1
0.25x0.23x 0.20
13.7494(11)
17.0061(14)
19.0775(16)
74.8200(10)
83.9290(10)
70.7270(10)
4062.9(6)

2

1.541

1.499

1900

1.307 to 26.384
-17<=h<=17
21<=k<=21
23<=1<=23

43677
16508/0.0218
99.6

1.052
0.0244
0.0642

0.951/-0.507

2.2
CssHooO26PsSby
2300.37
100(2)
Tetragonal
I-4
0.20x0.15x 0.13
13.1600(14)
13.1600(14)
26.614(4)
90
90
90
4609.1(12)
2
1.658
1.374
2304

1.530to0 26.404

-16<=h<=16
-16<=k<=16
-33<=1<=33

24759
4738/0.0307
100.0

1.076
0.0595
0.1604

2.936/-0.550

2.3

C7sH123N30,6P6SbsSe,

2349.53
100(2)
Orthorhombic
Pbca
0.21x0.20x0.18
24.238(2)
27.209(2)
30.177(2)

90

90

90

19901(3)

8

1.568

1.971

9456

1.312 to 26.059

-29<=h<=29
-33<=k<=33
-37<=1<=37

200512
19642/0.0883
100.0

1.098
0.0569
0.1700

3.038/-0.963



Formula

F.wt g/mol”

T, K

Crystal system
Space group
Crystal size mm’
a, A

b, A

c, A

a, deg

B, deg

Y, deg

Vv, A3

4

Deatea Mg/m3
p, mm-1
F(000)

Theta range, deg

Index ranges

Total reflns

Ind. reflns / R(int)

Completeness to 0,,,,, %o

GooF( FZ)
R1(F)[I>26(])]
wR,(F?) (all data)

Largest diff peak/hole,

e.A-3

24
Ce6H101NO26PsSbsSe,
2155.21
100(2)
Triclinic
P-1
0.26 x 0.25x 0.20
13.9433(12)
15.4586(13)
21.2655(18)
82.2130(10)
83.783(2)
71.5500(10)
4297.5(6)

2

1.666

2.273

2148

1.397 t0 26.375
-17<=h<=17
-19<=k<=19
-26<=1<=26
46258
17457/0.0435
99.7

1.036

0.0414
0.1096
3.696/-0.898
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2.5
CsoH77NO17P4Sb,Se,
1489.43
100(2)
Monoclinic
P2,/c
0.12x0.10x 0.09
17.124(3)
16.730(3)
22.614(4)

90
107.967(4)
90
6162.6(18)

4

1.605

2.226

3000

1.250 to 26.412
-21<=h<=21
-20<=k<=20
-28<=1<=28
64916
12629/0.1884
99.7

1.107

0.0911
0.2173
2.924/-1.123

2.6
Cs1Hg70,7Si6Sbs
1508.01
100(2)
0.71073
Triclinic
P-1
15.0752(12)
16.0739(13)
16.9080(14)
100.488(1)
91.038(1)
91.518(1)
4026.14(10)
2
1.244
1.138
1536
1.23 to 25.04
-17<h<17
-19<k<19
-20<1<20
38923
14152/0.0264
99.8
1.083

0.0294
0.0807
1.418/-0.799



Table 2.2: Selected bond lengths (A) and bond angles (°) in 2.1 — 2.2

Sb(1)-0(3)
Sb(1)-0(2)
Sb(1)-0(4)

Sb(1)-0(1)
Sb(1)-0(5)

Sb(2)-0(7)
Sb(2)-0(2)
Sb(2)-0(8)
Sb(2)-0(6)
Sb(2)-0(9)
Sb(3)-0(7)
Sb(3)-0(13)

Sb(3)-0(10)
Sb(3)-0(12)
Sb(3)-0(11)
Sb(4)- O(3)
Sb(4)-0(14)

Sb(4)-0(13)
Sb(4)-0(15)
Sb(4)-0(16)
P(1)-0(1)
P(1)-O(6)
P(1)-0(23)
P(2)-0(11)

Symmetry transformations used to generate equivalent atoms:

1.9196(14)
1.9389(15)
2.0134(15)

2.0615(15)
2.0884(15)

1.9218(14)

1.9350(15)
2.0123(15)
2.0508(15)
2.0984(15)
1.9228(14)
1.9389(15)

2.0080(15)
2.0597(15)

2.0898(15)

1.9148(14)
2.0343(15)

1.9417(14)
2.0199(15)
2.0775(15)
1.5363(16)
1.5371(16)
1.5400(16)

1.5302(16)

2.1

P(2)-0(9)
P(2)-0(20)
P(3)-0(19)

P(3)-0(8)
P(3)-0(10)

P(4)-0(22)
P(4)-0(12)
P(4)-0(14)
P(5)-0(5)

P(5)-0(16)
P(5)-0(17)
P(6)-0(18)

P(6)-O(4)
P(6)-0(15)

Sb(3)-0(13)-
Sb(2)-0(7)-Sb(3)

Sb(4)-0(3)-Sb(1)
Sb(2)-0(2)-Sb(1)

1.5345(16)
1.5610(17)
1.5021(17)

1.5480(16)
1.5545(16)

1.5350(16)

1.5365(16)
1.5395(16)
1.5325(16)
1.5406(16)
1.5604(17)
1.5108(17)

1.5447(16)
1.5483(16)

132.81(8)
139.86(8)

140.10(8)

133.32(8)

2.2

Sb(1)-0(1)
Sb(1)-0(4)
Sb(1)-0(8)#1

Sb(1)-0(3)#2
Sb(1)-0(7)

0(3)-Sb(1)#3
0(8)-Sb(1)#1
P(2)-0(2)
P(2)-0(1)
P(2)-0(3)
P(3)-0(6)
P(3)-0(7)

P(3)-O(8)
Sb(1)#1-0(4)-Sb(1)
0(4)-Sb(1)-0(1)
O(4)-Sb(1)-O(8)#1
O(1)-Sb(1)-O(8)#1

O(4)-Sb(1)-0(3)#2
O(1)-Sb(1)-0(3)#2
O(8)#1-Sb(1)-O(3)#2
O(4)-Sb(1)-0(7)
0O(1)-Sb(1)-0(7)
O(8)#1-Sb(1)-0(7)
O(3)#2-Sb(1)-0(7)

#1 x+1,-y,z #2 y+1/2,-x+1/2,-z+1/2  #3 -y+1/2,x-1/2,-z+1/2

73

1.982(9)
1.918(5)
2.014(8)

2.016(7)
2.036(8)

2.017(7)

2.015(8)

1.506(10)
1.512(10

1.525(8)
1.504(10)
1.549(8)

1.558(8)
136.3(7)

82.7(4)

91.5(3)
173.4(3)

90.4(3)
93.9(4)
89.4(3)
90.2(3)
88.7(4)
88.1(4)
177.5(4)



Table 2.3: Selected bond lengths (A) and bond angles (°) in 2.3

Sb(1)-0(1)
Sb(1)-0(2)
Sb(1)-0(5)

Sb(1)-0(3)
Sb(1)-0(4)

Sb(2)-0(6)
Sb(2)-0(5)
Sb(2)-0(8)
Sb(2)-0(4)
Sb(2)-0(7)
Sb(3)-0(6)
Sb(3)-0(9)

Sb(3)-0(10)
Sb(3)-0(11)
Sb(3)-0(12)
Sb(4)-0(1)

Sb(4)-0(15)

Sb(4)-0(16)
Sb(4)-0(13)
Sb(4)-0(14)
Se(1)-0(13)
Se(1)-0(12)
Se(2)-0(14)
Se(2)-0(11)

1.937(5)
2.014(5)
2.017(5)

2.017(5)
2.022(5)

1.939(4)

2.005(5)
2.010(5)
2.025(5)
2.040(5)
1.911(5)
2.017(5)

2.024(5)
2.027(5)

2.033(5)

1.915(5)
2.019(5)

2.019(5)
2.025(5)
2.032(5)
1.725(5)
1.735(5)
1.726(5)
1.740(5)

P(1)-O(17)
P(1)-O(16)
P(1)-0(2)

P(2)-0(20)
P(2)-0(15)

P(2)-0(3)
P(3)-0(19)
P(3)-0(10)
P(3)-0(8)
P(4)-0(18)
P(4)-0(7)
P(4)-0(9)
P(5)-0(21)
P(5)-0(23)
P(5)-0(22)
P(6)-0(24)
P(6)-0(25)
P(6)-0(26)

Sb(1)-O(4)-Sb(2)
Sb(2)-0(5)-Sb(1)
Sb(4)-0(1)-Sb(1)
Sb(3)-0(6)-Sb(2)

Se(2)-0(11)-
Se(1)-0(12)-

2.3

1.499(6)
1.543(5)
1.550(5)

1.518(5)
1.551(5)

1.555(5)

1.499(6)
1.552(5)
1.567(5)
1.510(5)
1.554(5)
1.557(5)

1.513(6)
1.537(6)

1.538(6)

1.509(6)
1.520(6)

1.524(6)
102.3(2)
103.2(2)
139.7(3)
139.3(3)
123.4(3)

122.7(3)
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Se(2)-0(14)-Sb(4)
Se(1)-0(13)-Sb(4)
0(14)-Se(2)-0(11)

0(13)-Se(1)-0(12)
0(1)-Sb(4)-C(52)

O(1)-Sb(1)-C(25)
0(6)-Sb(2)-C(20)

0(6)-Sb(3)-C(43)

123.73)
124.3(3)
100.9(2)

99.7(2)
177.9(3)

177.5(2
174.7(2)

179.3(3)



Table 2.4: Selected bond lengths (A) and bond angles (°) in 2.4

Sb(1)-0(1)
Sb(1)-0(2)
Sb(1)-0(3)

Sb(1)-0(4)
Sb(1)-0(5)

Sb(2)-0(1)
Sb(2)-0(8)
Sb(2)-0(7)
Sb(2)-0(9)
Sb(2)-0(6)
Sb(3)-0(10)
Sb(3)-0(8)

Sb(3)-0(11)
Sb(3)-0(13)
Sb(3)-0(9)

Sb(4)-0(10)
Sb(4)-0(14)

Sb(4)-0(18)
Sb(4)-0(16)
Sb(4)-0(15)
Se(1)-0(5)

Se(1)-0(15)
Se(2)-0(4)

Se(2)-0(16)

1.900(3)
2.009(3)
2.023(3)

2.028(3)
2.041(3)

1.936(3)

2.000(3)
2.008(3)
2.031(3)
2.032(3)
1.946(3)
2.004(3)

2.012(3)
2.021(3)

2.033(3)

1.922(3)
2.010(3)

2.018(3)
2.022(3)
2.045(3)
1.717(3)
1.723(3)
1.732(3)
1.732(3)

P(1)-0(20)
P(1)-O(7)
P(1)-0(3)

P(2)-0(19)
P(2)-0(6)

P(2)-0(2)

P(3)-0(12)
P(3)-0(14)
P(3)-0(13)
P(4)-0(17)
P(4)-0(18)
P(4)-0(11)
P(5)-0(23)
P(5)-0(21)
P(5)-0(22)
P(6)-0(26)
P(6)-0(25)
P(6)-0(24)

24

1.499(4)
1.551(3)
1.557(4)

1.499(4)
1.556(3)

1.561(3)

1.497(4)
1.546(3)
1.552(3)
1.500(4)
1.556(3)
1.553(3)

1.525(4)
1.531(4)

1.544(4)

1.501(4)
1.541(4)

1.549(4)
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Sb(2)-0(9)-Sb(3)
Sb(2)-0(8)-Sb(3)
Sb(1)-0(1)-Sb(2)

Sb(4)-O(10)-Sb(3)
Se(2)-O(16)-Sb(4)

Se(1)-0(5)-Sb(1)
Se(1)-0(15)-Sb(4)
Se(2)-0(4)-Sb(1)
0(5)-Se(1)-0(15)
0(4)-Se(2)-0(16)

101.03(14)
103.15(14)
137.97(18)

138.13(18)
122.80(17)

128.61(18)

125.25(17)
127.07(18)
101.67(16)
98.64(15)



Table 2.5: Selected bond lengths (A) and bond angles (°) in 2.5 - 2.6

Sb(1)-0(17)
Sb(1)-0(14)
Sb(1)-0(10)

Sb(1)-0(2)
Sb(1)-0(13)

Sb(2)-0(17)
Sb(2)-0(1)
Sb(2)-0(4)
Sb(2)-0(15)
Sb(2)-0(7)
Se(1)-0(13)
Se(1)-0(12)
Se(2)-0(8)
Se(2)-0(7)
P(1)-0(3)
P(1)-0(2)
P(1)-O(1)
P(2)-0(16)

Sb(1)-0(17)-Sb(2)
Se(1)-O(13)-Sb(1)
Se(2)-0(7)-Sb(2)
0(13)-Se(1)-0(12)
0(8)-Se(2)-0(7)
Sb(1)-0(17)-Sb(2)

1.929(8)
1.997(8)
2.014(8)

2.034(8)
2.038(8)

1.957(7)

1.998(8)
2.005(8)
2.007(8)
2.023(8)
1.707(8)
1.732(8)

1.730(8)
1.735(8)

1.503(9)

1.550(9)
1.551(8)

1.488(9)
134.7(4)
123.0(4)
124.0(4)
101.5(4)
103.9(4)

134.7(4)

Sb(1)-0(4)
Sb(1)-0(5)
Sb(1)-0(3)

Sb(1)-0(2)
Sb(1)-0(1)

Sb(2)-0(9)
Sb(2)-0(8)
Sb(2)-0(6)
Sb(2)-0(7)
Sb(2)-0(3)
Sb(3)-0(11)
Sb(3)-0(10)

Sb(3)-0(3)
Sb(3)-0(2)
Sb(3)-0(1)
Si(1)-0(9)

Si(1)-0(14)

Si(1)-0(5)
Si(2)-0(12)
Si(2)-0(14)
Si(2)-0(13)
Si(3)-0(8)
Si(3)-0(12)
Si(3)-0(11)
Si(4)-0(6)

1.9149(18)
1.9224(18)
2.0792(17)

2.1046(18)
2.1080(17)

1.9627(18)

1.9689(18)
1.9697(18)
1.9712(18)
2.0958(17)
1.9191(18)
1.9228(18)

2.0444(17)
2.1068(18)

2.1316(18)

1.6078(19)
1.630(2)

1.6368(19)
1.610(2)
1.614(2)
1.643(2)
1.602(2)
1.619(2)
1.642(2)

1.6080(19)
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2.6

Si(4)-0(15)
Si(4)-0(10)
Si(5)-0(16)

Si(5)-0(15)
Si(5)-0(17)

Si(6)-0(7)
Si(6)-0(16)
Si(6)-0(4)
Si(1)-0(9)-Sb(2)
Si(6)-0(7)-Sb(2)
Si(4)-0(6)-Sb(2)
Sb(1)-0(2)-Sb(3)

Si(6)-0(4)-Sb(1)
Sb(1)-0(1)-Sb(3)
Si(4)-0(10)-Sb(3)
Si(5)-0(16)-Si(6)
Sb(3)-0(3)-Sb(1)

Sb(3)-0(3)-Sb(2)
Sb(1)-0(3)-Sb(2)
Si(1)-0(5)-Sb(1)

Si(3)-0(8)-Sb(2)

Si(5)-0(15)-Si(4)
Si(3)-0(11)-Sb(3)
Si(2)-0(14)-Si(1)
Si(2)-0(12)-Si(3)

1.632(2)
1.641(2)
1.607(2)

1.618(2)
1.646(2)

1.6100(19)

1.6294(19)
1.6395(18)
141.00(11)
139.01(11)
138.71(11)
92.96(7)

134.10(11)
92.16(7)

135.22(11)

150.51(13)
95.56(7)

131.77(8)

132.66(8)

133.23(11)
141.45(11)
142.78(13)
135.29(11)
145.47(14)

145.16(14)



2.5 Analytical and Spectroscopic Data

Figure S1. ORTEP view of 2.1 with thermal ellipsoids shown at 30% probability.

Figure S2. ORTEP view of 2.2 with thermal ellipsoids shown at 30% probability.
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Figure S4. ORTEP view of 2.4 with thermal ellipsoids shown at 30% probability.
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Figure S5. ORTEP view of 2.5 with thermal ellipsoids shown at 30% probability.

Figure S6. ORTEP view of 2.6 with thermal ellipsoids shown at 30% probability.
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Figure S7. ESI-MS of compound 2.1 in CHCI;-CH;CN.
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Figure S10. ESI-MS of compound 2.4 in CHCl;-CH3CN.
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Figure S13. Solution *'P NMR spectrum of 2.1 in CDCl; solvent.
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Figure S14. Solution *'P NMR spectrum of 2.2 in CDCl; solvent
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Figure S15. Solution 77Se NMR spectrum of 2.3 in CDClj; solvent.
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Figure S16. Solution "’Se NMR spectrum of 2.4 in CDCl; solvent.
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Figure S17. Solution 77Se NMR spectrum of 2.5 in CDCl; solvent.
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Base Induced Assemblv of Hexa-. Undeca- and
Chapter

3

Tetradecanuclear Polvoxostibonates

Abstract: Isolation and structural characterization of novel organoantimony (V) based
polyoxometalates are reported. (RSb)s(OH)4(-BuPOs)s and (RSb),(O)(+~-BuPOs;H)e
independently in the presence of pyridine as a base under solvothermal conditions which affords
hexanuclear organoantimonate clusters [(RSb)e(3-O)2(12-O)s(-BuPOs)4], [where R = p-iPr-
CeHs (3.1) and p-Cl-C¢Hs (3.2)]. Further, the reaction of organostibonic acids with
diorganophosphinic acid (diclyclohexyl, diphenyl phosphinic acid) in the presence of a tetraethyl
ammonium hydroxide affords colorless products which on structural characterization reveals the
formation of undecanuclear and tetradecanuclear polyoxostibonates stabilized by phosphinates
binding in the peripheral part of the POMs Nas(p-MeCsH4Sb);1(0)25{(CsH11).PO2}> (3.3) and
Nay(p-iPr-CsHaSb)14(0)23(PhaPOy)s (3.4).

( N\
‘BuPO;H, t Pyridine
»[(RSb)4(OH),(‘BuPO3);]
MeOH
3.1
CszOZH
Ar Sb O 3 H2
Ph,PO,H
L =
3.4
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3.1 Introduction

Phosphonic and phosphinic acids have been used as versatile ligands for synthesizing
multinuclear clusters based on main group metals,' transition metals” and lanthanides.” Some of
the molecular clusters have been found to exhibit interesting magnetic properties like showing
SMM behavior at lower temperatures.® Poly-phosphates have been used as ligands for
synthesizing large number of interesting supramolecular frameworks.” Our group has been
involved in investigating the chemistry of higher analogues of phosphonic acids namely
organostibonic acids and reaction of organostibonic acids with various protic ligands has led to
stabilization of interesting discrete molecular clusters displaying varied geometries like cube,’
triangle,7 adamantane,’ tetrameric butterfly cores,’ dodeca and hexadeca nuclear organoantimony
based POM frameworks.'®" ' Herein, (RSb)s(OH)4(t-BuPO;3)s and (RSb),(O)(+-BuPO3H)s have
been used as starting materials which independently in the presence of pyridine as base under
solvothermal conditions affords hexanuclear organoantimonate clusters [(RSb)e(13-O)a(p2-O)e(2-
BuPOs)4], [where R = p-iPr-C¢H4 (3.1) and p-Cl-C¢Hy (3.2)] which has been characterized by
single crystal X-ray diffraction studies. Interestingly, irrespective of the pre-formed clusters used
with varying nuclearity of antimonates-phosphonates as starting materials, self-association in the
presence of pyridine results in the isolation of isostructural hexanuclear organoantimonate
clusters. Organostibonic acids have tendency to self-condense in the presence of base forms
dodeca{Sb;,} and hexadecanuclear {Sb,s}organoantimony based POM frameworks. We further
extended our study by reacting individually organostibonic acids with phosphinic acids in the
presence of a stronger base like tetraethyl ammonium hydroxide. Remarkably two novel
undeca{Sb;;} and tetradecanuclear {Sbs4}organoantimony molecular aggregates which can be
visualized as a hybrid of metal-oxo cluster and POMs have been assembled in the presence of
phosphinate ligands. [Nas(p-MeCsH4Sb);1(0)25{(CcH11),PO2}2] (3.3) and [Nay(p-iPr-
CsH4Sb)14(0),5(Ph,PO,)s] (3.4) have been isolated and structurally characterized. The details of

the study are reported herein.
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3.2 Experimental Section

3.2.1 General Information:

Arylstibonic acids'? (aryl= p-isopropylphenyl, p-chlorophenyl and p-methylphenyl), ¢
butylphosphonic acid”® and dicyclohexylphosphinic acid® were synthesized according to
literature reports. Diphenylphosphinic acid, solvents and common reagents were purchased from
commercial sources. Mixed antimonate-phosphonate pro ligands [(p-iPr-CsH4Sb)4s(OH)4(z-
BuPOs)s] and [(p-CI-C¢HaSb),(O)(--BuPO3sH)s] were synthesized by condensation reactions of
organostibonic acid with z-butylphosphonic acid.” '> All the compounds used were dried under a

high vacuum for half an hour before subjected to spectroscopic and elemental analysis.
3.2.2 Instrumentation:

Infrared spectra were recorded with a JASCO-5300 FT-IR spectrometer as KBr pellets. The solid
state °'P NMR spectra were recorded with a Bruker AVANCEIII 400 instrument. Elemental
analysis was performed with a Flash EA Series 1112 CHNS analyzer. Single crystal X-ray data
collection for compounds 3.1-3.4 were carried out at 100(2) K with a Bruker Smart Apex CCD
area detector system [A (Mo-Ka) = 0.71073 A] with a graphite monochromator. The data were
reduced using SAINTPLUS. The structures were solved using SHELXS-97 and refined using the
program SHELXL-2014/7'°. All non-hydrogen atoms were refined anisotropically. Several
attempts were made to obtain better quality data for compound 3.4; however, due to poor crystal
quality the data quality could not be enhanced. In compound 3.4 the disorder associated with
phenyl rings and terminal methyl groups were constrained using EADP, DELU, FLAT, DFIX
instructions in SHELXL-2014/7. In compounds 3.3 and 3.4 disordered acetonitrile solvent
accessible voids are present in the asymmetric units which are not modeled. These solvent
contributions were removed by using the SQUEEZE'’ command in PLATON'®. The total
electron count removed by SQUEEZE corresponded to 188 with a void volume of 1554.2 A3
(20.7%) per unit cell in 3.3 and 135 with a void volume of 1411.8 A* (22.7%) per unit cell in 3.4.
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3.2.3 Synthetic procedures:
3.2.3a Synthetic procedure for compounds 3.1-3.2:

The corresponding mixed antimonate-phosphonate pro-ligand was dissolved in methanol (15
mL) to which dropwise addition of pyridine formed a clear solution. It was stirred for 15 minutes
and then transferred into a Teflon digestion bomb. The bomb was sealed properly and the
mixture heated to 100°C for 12 h and then cooled slowly for 48 h. Colorless crystals were
obtained at the base of the Teflon bomb. Molar ratios and weights of the reactants used are as

follows.

Compound 3.1: Pro-ligand [(p-1Pr-CsH4Sb)4(OH)4(z-BuPOs3)¢] (0.1 g, 0.05 mmol) and pyridine
(0.04 mL). Yield 0.036g (32% based on pro ligand). Decp temp: 275-276 °C. Anal. Calcd (%)
for C70H,02020P4Sbg (2118.00): C, 39.70; H, 4.85. found: C, 39.62; H, 4.76. *'P {'H} NMR &:
38.30, 12.26 ppm. IR (cm-1, KBr pellet): 3440(wide), 2961(s), 2928(m), 2870(m), 1631(m),
1592(w), 1480(s), 1458(s), 1402(s), 1364(s), 1082(s), 1013(s), 979(m), 821(s), 732(m), 680(m),
634(s), 594(m), 539(s).

Compound 3.2: Pro-ligand [(p-Cl-CcHaSb),(O)(-BuPOsH)e] (0.1 g, 0.076 mmol) and pyridine
(0.04 mL). Yield 0.042g (40% based on pro ligand). Decp temp: 269-270 °C. Anal. Caled (%)
for Cs2Hg0020ClgP4Sbs (2072.19): C, 30.14; H, 2.92. found: C, 30.26; H, 2.85. >'P{'H} NMR §&:
37.84, 13.43 ppm. IR (cm-1, KBr pellet): 3417(wide), 2963(s), 2905(w), 2864(w), 1598(m),
1493(s), 1445(s), 1394(m), 1262(s), 1179(m), 1086(w), 1033(s), 989(m), 802(s), 758(m), 744(s),
701(s), 563(s).

3.2.3b Synthetic procedure for compounds 3.3-3.4:

Organostibonic acid and corresponding phosphinic acid were taken in 1:2 molar ratios in
acetonitrile (15 mL) and simultaneously tetraethylammonium hydroxide was added dropwise to
the reaction mixture and stirring was continued for 24 h at room temperature. The resulting
colorless solution was filtered and the filtrate was allowed to crystallize by slow evaporation at

room temperature. Colorless single crystals suitable for X-ray diffraction studies were grown
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from acetonitrile filtrate in a week time. Molar ratios and weights of the reactants used are as

follows.

Compound 3.3: p-methylphenylstibonic acid (0.092, 0.343 mmol), dicyclohexyl phosphinic acid
(0.158g, 0.686 mmol) and tetraethyl ammonium hydroxide (0.2 ml, 1.37 mmol). Yield: 0.036g
(34% based on p-methylphenylstibonic acid). Decp temp: 279-280 °C. Anal, Caled (%) for
Ci09H141NO3;NasP,Sby; (3493.52): C, 37.47; H, 4.07; N, 0.40. Found: C, 37.56; H, 4.13; N, 0.48.
"H NMR (100 MHz, CDCl5-CDsOD, ppm) &: 7.94-7.78 (m, 22H), 7.16-6.98 (m, 22H), 2.34-1.20
(br m, 44H), 0.83 (s, 33H), °C NMR (100 MHz, CDCl;-CD;0D) &: 134.21, 133.87, 133.40,
128.49, 128.42, 128.09, 52.06, 37.15, 36.42, 29.56, 26.86, 26.76, 26.36, 25.74, 25.71, 21.11,
21.01 ppm. *'P{'"H} NMR (162 MHz, CDCl5-CD;0D) &: 40.24 ppm. IR (cm-1, KBr pellet):
3407 (wide), 2923(s), 2851(m), 1741(w), 1637(m), 1593(w), 1493(w), 1450(s), 1393(s), 1261(s),
1185(w), 1171(w), 1137(m), 1073(s), 1020(m), 803(s), 717(m), 580(m), 489(s).

Compound 3.4: p-isopropylphenylstibonic acid (0.100, 0.343 mmol), diphenylphosphinic acid
(0.150g, 0.686 mmol) and tetraethyl ammonium hydroxide (0.2 ml, 1.37 mmol). Yield: 0.040g
(29% based on p-isopropylphenylstibonic acid). Decp temp: 286-287 °C. Anal, Calcd (%) for
C222H234044PgNa,Sbyy (5604.61): C, 47.57; H, 4.21. Found: C, 48.13; H, 4.16. '"H NMR (400
MHz, CDCls, ppm) 6: 7.77-7.72 (m, 80H), 7.45-7.35 (m, 56H), 3.29-3.27 (m, 14H), 1.27(d,
28H), 1.19 (d, 28H), 0.90(d, 28H). "*C NMR (100 MHz, CDCl;) &: 134.20, 132.82, 131.56,
131.53, 131.31, 131.20, 128.30, 128.17, 52.64, 35.67, 34.23, 29.70 ppm. *'P{'H} NMR (162
MHz, CDCls) 6: 30.90 ppm. IR (cm-1, KBr pellet): 3417(wide), 3058(m), 2960(s), 2925(m),
1650(m), 1439(s), 1402(s), 1204(m), 1036(m), 1012(s), 991(m), 822(s), 748(s), 722(m), 692(s),
583(s).

3.3 Results and discussions

Compounds 3.1 and 3.2 were synthesized by reacting (RSb)4(OH)4(-BuPOs3)¢ and (RSb),(O)(z-
BuPOs;H)s independently in the presence of pyridine under solvothermal conditions. Single
crystal X-ray characterization reveals the formation of hexanuclear organoantimonate clusters
[(RSb)s(p3-O)2(p2-O)g(2-BuPO3)4], [Where R = p-iPr-C¢Hy (3.1) and p-CI-C¢Hy (3.2)] (Scheme-
3.1). Single crystals of 3.1 and 3.2 suitable for X-ray diffraction studies were obtained directly at
cthe base of the Teflon bomb. The solubility of the isolated crystals of 3.1 and 3.2 were poor in
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common organic solvents. Hence solid state NMR was used for characterizing the phosphorous
atom environment. Solid state *'P {'"H} NMR of 3.1 shows two resonance peaks at 8= 38.3 and
12.2 ppm which indicates the presence of two different phosphorus environments. Similarly
Solid state *'P {'"H} NMR of 3.2 shows two resonance peaks at 6= 37.8 and 13.4 ppm.
Compound 3.1 crystallizes in monoclinic space group P21/c with two half of the molecules

present in asymmetric unit. Compound 3.2 crystal

lizes with orthorhombic space group Pbcn. Crystallographic data and bond metric parameters of
3.1 and 3.2 are given in the table 3.1-3.2. Since the molecular structures of compounds 3.1 and

3.2 are similar, 3.1 (Figure 3.1) is considered for structural discussions.

Acetonitrile MeOH .
RT [(RSb)4(OH)4('BuPO5)e] = [(RSb)g(13-O2)(H2-O)s('BuPO3),4]
POsz y Compound 3.1
SbO;H,
Acetonitrile MeOH .
RT [(RSb)2(0)('BuPO;)e] [(RSb)g(H3-O2)(u2-0)('BuPO3),]
POsz Py
SbO;H, Compound 3.2
\ :OH Acetonitrile
\\ ——— —~ »  [Nag(p-MePhSb)44(H3-0O2)12(H2-0)16(Cy2PO,),1[Et4N]
le) rt, Et,;NOH
SbO.H 1 Compound 3.3
32
’\ OH Acetonitrile .
\\ — " »  [Nay(p-i-PrPhSb)14(M3-02)12(M2-0)14(H20)2(Ph2PO5)g]
(o] rt, Et,;NOH
@ Compound 3.4
SbO3H,

Scheme 3.1

The solid state structure of 3.1 reveals the formation of hexanuclear organoantimony (v) oxo
cluster [(p-1Pr-CsHaSb)e(13-O)2(12-O)6(-BuPOs)4]. It contains a puckered eight-membered

Sb4O4 core held together by four phosphonates ligands. Interestingly, the molecular structure can
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also be visualized as being built up of two in situ generated Sb;O triangles. The Sb atoms in the
triangular units are linked together by a pus-oxo bridge and further the two p,-oxide bridges link
each Sb atoms in the triangle to the neighboring Sb atom. The Sb;O triangles are connected to
each other through two bridged phosphonates, two p-oxide bridges and each Sb;O triangles
periphery is further coordinated by a phosphonate ligand. There are four phosphonates in 3.1,
each bound to three Sb centers in 3.111 coordination modes [based on Harris notation]. The Sb
atoms present in octahedral geometry with the OsSbC coordination mode. The Sb-O bond
lengths involving ps-oxo, ps-oxo bridges and phosphonates falls in the range of 2.008(4) to
2.117(3) A, 1.915(3) to 1.987(4) A and 2.018(4) to 2.088(3) A respectively. The Sb-u30-Sb and
Sb-1,0-Sb bond angles are in the range of 99.16(15) to 143.39(19)° and 106.34(16) to 147.2(2)°
respectively. Bond angles of C-Sb-O fall in the range of 171.33(7) to 179.37(17)°, which clearly

indicates the geometry around each Sb center is a regular octahedron.

Figure 3.1: Molecular and Core structure of 3.1. Color code: Cyan: Sb, Pink: P, Red: O, Grey:
C. Hydrogen’s are omitted for clarity.

Interestingly, a different pro-ligand, [(p-Cl-C¢H4Sb),(O)(--BuPOsH)s] wused as a starting
material, in presence of pyridine under solvothermal conditions also led to the isolation of a
hexanuclear cluster 3.2 (Figure 3.2), which is similar to 3.1. It should be noted that in the case of
starting precursor used in the first case where the structure of the cluster was a tetra nuclear
cluster with antimonate:phosphonate ratio being 4:6 and in the second one, the dimer where the

antimonate:phosphonate ratio was 2:6 does not vary the structure of the end product obtained.
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The reason could probably be due to the more stable hexanuclear cluster obtained. Moreover the
hexanuclear cluster itself can be visualized as built up of two triangular motifs held together by
phosphonate ligands. Recently such triangular motifs containing organoantimony clusters have
been synthesized and structurally characterized from our group wherein the assembled triangles
are stabilized by in situ generated siloxane bridges.” In compound 3.2 Sb-O bond lengths
involving p3-o0xo, p-oxo bridges and phosphonates falls in the range of 2.013(2) to 2.115(2) A,
1.961(2) to 1.980(2) A and 2.017(2) to 2.078(2) A respectively. The Sb-p;0-Sb and Sb-p,0-Sb
bond angles are in the range of 99.44(10) to 142.72(13)° and 106.13(11) to 145.36(14)°
respectively. OsSbC coordination present around the antimony and the geometry around each Sb

center is a regular octahedron.

w\’y ﬁ) Va

7/’/

Figure 3.2: Molecular structure of 3.2. Color code: Cyan: Sb, Pink: P, Red: O, Green: CI.

Hydrogen’s are omitted for clarity.

Compound 3.3 have been synthesized by condensation reactions of organostibonic acid with
diclyclohexyl phosphinic acid in the presence of tetracthylammonium hydroxide as a base in
acetonitrile solvent (Scheme 3.1). Colorless single crystals of 3.3 were grown from acetonitrile
solution. Solution *'P{'H} NMR studies of 3.3 were performed in CDCl3-CD;OD mixture.
Solution *'P NMR of 3.3 shows single resonance peak at & = 40.24 ppm, it indicates presence of
a unique phosphorus environment present in the cluster. Compound 3.3 crystallizes in triclinic
space group P-1. Crystallographic data and bond metric parameters of 3.3 are given in the table

3.2 & 3.4. Molecular structure of 3.3 reveals the formation of undecanuclear organoantimony
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(V) oxo cluster (Figure 3.3). The charge of the cage is balanced by the presence of one
tetracthylammonium cation, which crystallizes along with core. The cluster core has two triads
(Sb304) and two diads (Sb,0,). Each triad consists of Sb3O4 unit which can be described as a
cube with a vertex missing (Figure 3.4). The three Sb metal atoms are connected to each other
by py-oxo groups, and further a pz-oxo group bridges all three Sb atoms forming Sb;O4 core.
These two Sb3O4 cores are connected through two py-oxo bridges. In each diad Sb atoms are
connected to Sb;O4 core through two p,-oxo bridges. In the diad two Sb atoms are connected

lth

between themselves through two p,-oxo bridges. One of the diad is connected to 11 Sb atom

through two ps-oxo bridges. The 1"

Sb atom occupies apex position of the cage and it is
completely different from the other ten Sb atoms. All Sb centers exhibit oxidation state of +5 and
are six coordinate with regular octahedral geometry. Of the ten Sb atoms present in 3.3 and
which forms part of triads and diads, the coordination sphere of each metal atom is OsSbC
satisfied by five oxygen atoms from framework and one from phenyl ring carbon attached to

antimony. The 1™

Sb atom is differently coordinated as of the six coordination present, two are
from oxygen atoms of bridged phosphinates, and three are from ps-oxo bridges and one from
phenyl ring carbon attached to antimony. Of the 32 framework oxygen atoms present, 11 are
doubly bridged to two Sb atoms (Sb-O distance fall in the range 1.946(4) to 2.121(4) A), one
Oxygen doubly bridge present between two Na atoms (an average Na-O distance is 2.776(10)
A), 16 are pz-bridged Oxo groups (Sb-O distance falls in the range 1.932(4) to 2.132(4) A). Four
acetonitrile solvent molecules crystallizes along with cage, in which two acetonitrile molecules
chelate to sodium ions with average Na-N distance is 2.889(10) A. Two phosphinic acid moieties
symmetrically chelate to 11" Sb atom and four encapsulated sodium ions in 3.21 coordination
modes. Within every phosphinate present, one p,-oxo group chelate to 1 1™ Sb atom and other U3-
oxo group chelates to two sodium ions. In total five sodium ions are encapsulated in Sby; cage.
Out of five sodium ions, four are present in the one half of the cage and remaining one is in the
bottom half of the cage. Na, is seven coordinate and Naj; is six coordinate while the remaining
three sodium ions are three coordinate with triangular geometry, Na-O bond lengths falls in the
range of 2.314(7) to 2.996(4) A. These sodium ions presumably come from leaching of
glassware when kept for crystallization. Crystallization in Teflon vessels were tried which failed
to yield crystals good enough for structure solution. The presence of sodium ions in the cage

indicates the strong affinity of arylstibonic acids towards sodium ions and it also plays a crucial
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role in crystallization of 3.3 There has been earlier reports from our laboratory and others where
11(e)

similar incorporation of sodium ions have been noticed.

Figure 3.3: Solid state structure of 3.3; Color code: Cyan: Sb, Yellow: Na, Pink: P, Red: O,

Grey: C. Hydrogens, tetracthyl ammonium cation and solvate molecules omitted for clarity.

Sh2 Sh3

Sbi1

Figure 3.4: (left) Core structures of 3.3 and (right) Sub units of 3.3 diad (Sb,0O,) and triad
(Sb304): Color code: Cyan: Sb, Yellow: Na, Pink: P, Red: O, Grey: C
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Compound 3.4 have been synthesized by condensation reactions of organostibonic acid with
diphenyl phosphinic acid in the presence of tetracthylammonium hydroxide as a base in
acetonitrile solvent (Scheme 3.1). Colorless single crystals of 3.4 were grown from acetonitrile
solution. Solution *'P{'"H} NMR studies of 3.4 were performed in CDCl; respectively. Solution
J'P{'H} NMR of 3.4 shows single resonance peak at & = 30.91 ppm, indicates presence of
unique phosphorus environment. Interestingly, change in R group attached to phosphorus will be
influence the self-assembly of arystibonic acids and forms different nuclearities. While
dicyclohexyl group forms {Sb;;} cage and diphenyl group forms {Sb;4} cage. Compound 3.4
crystallizes in a triclinic space group P-1 with half of the molecule present in the asymmetric
unit. Crystallographic data and bond metric parameters of 3.4 are given in the table 3.2 & 3.5.
Solid state structure of 3.4 reveals the formation of tetradecanuclear organoantimony (V) based

polyoxometalates {Sb;4} (Figure 3.5).

Figure 3.5: Molecular structure of 3.4. Color code; Cyan: Sb, Yellow: Na, Pink: P, Red: O.
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POM 3.4 contains fourteen arylstibonic acids self-condensed and linked by twelve triply-
bridged, fourteen doubly-bridged and two terminal oxygens forming an extended ladder-shaped
structure. Both edges of the ladder were capped by diphenylphosphinic acid moiety and further
encapsulation of sodium ions in Sby4 core results in complete cage formation occurs. The {Sb4}
cage contains two symmetrically equivalent heptameric units connected through four p,-oxo
bridges. Each heptameric unit contains Sb;0;¢ core stabilized by three ps-oxo and six ,-oxo
bridge. Further, this core is connected to encapsulated sodium ions through two p;-oxo and a -
oxo bridges. Each heptameric unit’s edge is ligated by diphenylphosphinic acid moiety in a
bidentate fashion. In each heptameric core one free oxygen is present and it is considered as
neutral water molecule (H,O). Each Sb is in +5 oxidation state and all are six coordinate with
regular octahedral geometry. Out of six coordination present five are satisfied by framework
oxygen atoms and one by phenyl ring carbon attached to antimony. The Sb-O bond lengths fall
in the range of 1.909(6) to 2.130(7) A. There are two sodium ions encapsulated in Sb;4 cage from
glassware leaching. The sodium ions are present in six coordinate with distorted octahedral
geometry. Of the six coordination’s present around Na+ ion, two from oxygen atoms of bridged
phosphinate and four are from Sb attached framework oxygen atoms. The Na-O bond lengths
falls in the range of 2.223(11) to 2.914(8) A. Out of eight phosphinates present in the cage, four
phosphinates chelate Sb-O-Sb edges, remaining four phosphinates chelate Sb-O-Na edges in
2.11 coordination fashion. Subtle differences in the electronic and steric substituents on the Sb /
P atoms seems to be playing a very important role in deciding whether a discrete metal oxo

cluster / POM type-frameworks are formed.

Figure 3.6: Core structures of 3.4. Color code Cyan: Sb, Yellow: Na, Pink: P, Red: O, Grey: C
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3.4 Conclusion

Base assisted self-assembly of arylstibonic acids in the presence of phosphinates as ligands have
been shown to be useful for assembling novel POM frameworks. The work reported here
contains essentially two parts. The first part is where pre-formed antimonate-phosphonate
clusters are used as starting precursors which in the presence of pyridine under solvothermal
conditions led to the formation of novel hexanuclear orgnoantimonate-phosphonate clusters.
Irrespective of the pre-formed clusters used with varying nuclearity of antimonates-phosphonates
as starting materials, self-association in the presence of base results in the isolation of
isostructural molecular clusters. In the second part, organostibonic acids self-condensation in the
presence of tetraethylammonium hydroxide and phoshinates as coordinating ligands has led to
the isolation and structural characterization of undeca- and tetradecanuclear organoantimony
based molecular aggregates which can be visualized as hybrids of metal-oxo cluster and POMs.
Fine-tuning the electronic and steric substituent on organostibonic acids and varying bases opens

up possibilities for assembling novel POMs based on organoantimony frameworks.
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Table 3.1: Crystallographic tables of compounds 3.1-3.2

Formula

F.wt g/mol”

T, K

Crystal system
Space group
Crystal size mm’®
a, A

b, A

c, A

a, deg

P, deg

Y, deg

V, A3

Z

Datea Mg/m3
I, mm-1
F(000)
Theta range, deg

Index ranges

Total reflns
Ind. reflns / R(int)

Completeness to 0,,,y,
%

GooF( F2)
R1(F)[1>26(D)]
wR,(F?) (all data)

Largest diff
peak/hole, e.A-3

3.1
Ci42H21204,P5Sb;

4299.86
100(2)
Monoclinic

P2l/c
0.230 x 0.200 x 0.190
25.76(2)

17.056(10)
18.448(10)

90

94.656(8)

90

8080(9)

2

1.767

2.125

4264

1.433 to 26.587
-32<=h<=32
21<=k<=21
22<=1<=23
83682

16718 /0.0980
100.0

1.023

0.0482
0.1238

1.487 /-0.962
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3.2
Cs4HgoCls0,,P4Sbg

2128.10
100(2)
Orthorhombic

Pbcn
0.210x 0.160 x 0.120
16.397(2)

20.252(3)
21.265(3)

90

90

90
7061.6(17)

4

2.002

2.651

4112

1.598 to 26.395
20<=h<=20
25<=k<=25
26<=1<=26
72084

7250 /0.0443
100.0

1.141

0.0314
0.0755

1.382 /-0.875



Table 3.2: Crystallographic tables of compounds 3.3-3.4

Formula

F.wt g/mol”

T, K

Crystal system
Space group
Crystal size mm’®
a, A

b, A

c, A

a, deg

P, deg

Y, deg

V, A3

Z

Datea Mg/m3
I, mm-1
F(000)
Theta range, deg

Index ranges

Total reflns
Ind. reflns / R(int)

Completeness to 0,,,y,
%

GooF( F2)
R1(F)[I>26(])]
wR,(F?) (all data)

Largest diff
peak/hole, e.A-3

33

Cl 15H150032N4N35P2Sb1 1

3616.53
100(2)
Triclinic

P-1

0.23x0.21x0.18

18.2330(18)

18.3845(19)
23.323(2)
93.955(2)
100.037(2)
101.722(2)
7493.5(13)

2

1.603

2.049

3540

1.14 to 26.44
22<=h<=22
22<=k<=23
29<=1<=29
80528
30493/0.0419
98.9

1.028
0.0505
0.1323
2.343/-1.316
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34
Cy22H234044Na,PgSby4

5604.32

100(2)

Triclinic

P-1

0.15x0.12x 0.08
19.418(4)

19.443(4)
19.515(4)
95.014(4)
110.439(3)
112.073(3)
6192(2)

1

1.503

1.620

2774

1.151 t0 26.516
24<=h<=24
24<=k<=24
24<=]<=24
65853

25372 /0.0734
99.6

0.897

0.0745
0.2052
2.689/-1.352



Table 3.3: Selected bond lengths (A) and bond angles (°) in 3.1-3.2

Sb(1)-0(5)
Sb(1)-0(9)
Sb(1)-0(6)

Sb(1)-0(2)
Sb(1)-0(4)

Sb(2)-0(10)
Sb(2)-0(9)
Sb(2)-0(4)
Sb(2)-0(8)
Sb(2)-0(3)

Sb(3)-0(10)#1

Sb(3)-0(5)

Sb(3)-0(4)
Sb(3)-0(7)

Sb(3)-0(1)

Sb(4)-0(21)#2

Sb(4)-0(19)
Sb(4)-0(14)

Sb(4)-O(12)#2

Sb(4)-0(15)
Sb(5)-0(21)
Sb(5)-0(17)

1.945(4)
1.964(3)
2.018(4)

2.066(3)
2.117(3)

1.918(3)

1.987(4)
2.024(3)
2.040(4)
2.069(4)
1.920(3)
1.979(3)

2.021(3)
2.029(3)

2.086(3)

1.924(4)
1.979(4)

2.026(3)
2.038(4)
2.078(4)
1.915(3)

1.974(4)

3.1

Sb(5)-0(14)
Sb(5)-0(13)
Sb(5)-0(16)

Sb(6)-0(17)
Sb(6)-0(19)

Sb(6)-0(11)
Sb(6)-0(18)
Sb(6)-0(14)
Sb(1)-0(5)-Sb(3)
Sb(3)-0(4)-Sb(2)
Sb(3)-0(4)-Sb(1)
Sb(2)-O(4)-Sb(1)
Sb(1)-0(9)-Sb(2)
Sb(5)-0(14)-Sb(4)
Sb(5)-0(14)-Sb(6)
Sb(4)-0(14)-Sb(6)
Sb(6)-0(17)-Sb(5)

Sb(2)-0(10)-Sb(3)#1

Sb(5)-0(21)-Sb(4)#2

Sb(6)-O(19)-Sb(4)

2.008(4)
2.034(4)
2.088(3)

1.952(4)
1.956(3)

2.025(4)

2.064(4)
2.109(4)
106.81(16)
143.27(18)
99.16(15)
99.72(14)

106.50(17)
143.39(19)

99.50(15)

99.29(14)
106.34(16)

145.4(2)
147.5(2)

106.42(16)

3.2

Sb(1)-0(8)
Sb(1)-0(6)
Sb(1)-0(3)

Sb(1)-0(4)
Sb(1)-0(7)

Sb(2)-O(8)#1
Sb(2)-0(5)
Sb(2)-0(4)
Sb(2)-0(1)
Sb(2)-0(10)
Sb(3)-0(5)
Sb(3)-0(6)
Sb(3)-0(2)#1
Sb(3)-0(9)
Sb(3)-0(4)
Sb(3)-0(6)-Sb(1)
Sb(3)-0(5)-Sb(2)
Sb(2)-0(4)-Sb(1)
Sb(2)-0(4)-Sb(3)
Sb(1)-0(4)-Sb(3)
Sb(2)#1-0(8)-Sb(1)

Compound 3.1 Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+1,-z+1

#2 -x+1,-y+1,-z+1

Compound 3.2 Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1

1.922(2)
1.976(2)
2.027(2)

2.036(2)
2.078(2)

1.917(2)

1.980(2)
2.013(2)
2.040(2)
2.086(2)
1.961(2)
1.963(2)

2.017(2)
2.072(2)

2.115(2)

107.03(11)
106.13(11)

142.72(13)
99.47(10)
99.44(10)

145.36(14)



Table 3.4: Selected bond lengths (A) and bond angles (°) in 3.3

Sb(1)-0(4)
Sb(1)-0(3)

Sb(1)-0(5)
Sb(1)-0(2)

Sb(1)-0(1)
Sb(2)-0(6)
Sb(2)-0(8)
Sb(2)-0(4)
Sb(2)-0(9)
Sb(2)-0(7)
Sb(3)-0(11)

Sb(3)-0(5)
Sb(3)-0(9)

Sb(3)-0(6)
Sb(3)-0(10)
Sb(4)-0(12)

Sb(4)-O(14)
Sb(4)-0(7)

Sb(4)-0(17)
Sb(4)-0(13)
Sb(5)-0(12)
Sb(5)-0(20)
Sb(5)-0(26)
Sb(5)-0(10)
Sb(5)-0(19)
Sb(6)-O(18)
Sb(6)-0(15)

1.949(4)
1.963(4)

1.964(4)
2.065(4)

2.078(4)

2.133(4)
1.949(4)
1.963(4)
1.989(4)
2.021(4)
1.933(4)

1.951(4)
1.959(4)

2.107(4)

2.124(4)
1.948(5)

1.956(5)
1.980(4)
2.090(5)
2.098(4)
1.938(5)
1.954(5)
2.010(4)
2.073(4)
2.099(4)
1.943(5)

1.957(5)

Sb(6)-0(16)
Sb(6)-0(13)

Sb(6)-0(17)
Sb(7)-0(18)

Sb(7)-0(21)
Sb(7)-0(26)
Sb(7)-0(22)
Sb(7)-0(19)
Sb(8)-0(11)
Sb(8)-0(25)
Sb(8)-0(21)

Sb(8)-0(20)
Sb(8)-0(19)

Sb(9)-0(25)
Sb(9)-0(24)
Sb(9)-0(23)

Sb(9)-0(22)
Sb(9)-0(28)

Sb(10)-0(32)
Sb(10)-0(24)
Sb(10)-0(27)
Sb(10)-0(16)
Sb(10)-0(28)

Sb(11)-O(8)
Sb(11)-0(32)
Sb(11)-0(15)
Sb(11)-O(14)

2.000(4)
2.089(4)

2.100(4)
1.945(5)

1.963(5)

1.991(4)
2.063(4)
2.104(4)
1.965(4)
1.974(4)
1.983(4)

1.989(4)
2.128(4)

1.938(4)

1.969(4)
1.970(4)

2.083(4)
2.120(4)
1.940(4)
1.976(4)
1.991(4)
2.021(4)

2.114(4)

1.966(4)
1.971(4)
1.972(5)

1.978(4)
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Sb(11)-0(13)
0(30)-Na(2)

0(30)-Na(4)
0(23)-Na(2)

0(23)-Na(4)
0(12)-Na(5)
0(27)-Na(1)
0(28)-Na(1)
0(29)-Na(1)
0(29)-Na(3)#1
O(11)-Na(2)

0(6)-Na(1)
O(17)-Na(5)

0(26)-Na(5)
0(25)-Na(2)
O(4)-Na(1)

0(32)-Na(1)
Sb(5)-0(19)-Sb(7)
Sb(5)-0(19)-Sb(8)
Sb(7)-0(19)-Sb(8)
Sb(5)-0(12)-Sb(4)
Sb(6)-O(13)-Sb(4)
Sb(6)-0(13)-Sb(11)
Sb(4)-0(13)-Sb(11)
Sb(10)-0(28)-Sb(9)
Sb(3)-O(11)-Sb(8)
Sb(3)-0(6)-Sb(2)

2.149(4)
2.341(5)

2.739(7)
2.594(5)

2.742(7)

2.940(8)
2.490(5)
2.964(5)
2.332(6)
2.680(8)
2.409(5)

2.998(5)
2.710(8)

2.928(9)

2.397(5)
2.622(5)

2.447(5)
97.70(17)
96.31(17)
96.37(17)
143.7(2)
103.29(17)
95.38(17)
95.23(17)
97.52(17)
139.1(2)
97.30(16)



Table 3.5: Selected bond lengths (A) and bond angles (°) in 3.4

Sb(1)-0(13) | 1.932(6) | Sb(6)-O(4) 1.934(7)
Sb(1)-0(14)  1.933(6)  Sb(6)-O(8) 1.954(7)
Sb(1)-0(15)  2.057(6)  Sb(6)-O(9) 1.957(7)
Sb(1)-0(19)  2.073(6)  Sb(6)-O(7) 2.059(6)
Sb(1)-0(10)  2.084(5)  Sb(6)-O(6) 2.113(8)
Sb(2)-0(18)  1.929(6)  Sb(7)-O(4) 1.934(6)
Sb(2)-0(13) | 1.942(6)  Sb(7)-0(22) 1.962(8)
Sb(2)-0(8)  1.979(6)  Sb(7)-0(3) 1.970(7)
Sb(2)-0(10)  2.101(6) | Sb(7)-0(20) 2.049(7)
Sb(2)-0(7)  2.130(7)  Sb(7)-0(5) 2.103(9)
Sb(3)-0(9)  1.952(6) | O(9)-Na(l) 2.468(9)
Sb(3)-0(11)  1.954(6)  O(12)-Na(1) 2.914(8)
Sb(3)- 1.982(6)  O(4)-Na(l) 2.336(10)
Sb(3)-0(10)  2.053(6)  O(22)-Na(l) 2.669(9)
Sb(3)- 2.125(6)  O(17)-Na(l) 2.223(11)
10V

Sb(4)-03)  1.923(6)  O(21)-Na(1) 2.329(10)

Sb(4)-0(12)  1.947(7)  Sb(3)-0(10)-Sb(1) | 129.5(3)
Sb(4)-0(7)  2.033(6)  Sb(3)-0(10)-Sb(2)  132.9(3)
Sb(4)-0(2) | 2.113(6)  Sb(1)-0(10)-Sb(2) | 97.2(2)

Sb(4)-0(15)  2.207(6)  Sb(2)-0(18)-Sb(3)#1  135.6(3)

Sb(5)-0(11) | 1.909(6) | Sb(4)-O(7)-Sb(6) 128.3(3)
Sb(5)-0(12)  1.971(7)  Sb(4)-O(7)-Sb(2) 129.2(3)
Sb(5)-0(16) | 2.028(8) | Sb(6)-O(7)-Sb(2) 99.0(2)

Sb(5)-0(15)  2.093(7)  Sb(1)-0(15)-Sb(5)  120.4(3)
Sb(5)-0(1) | 2.108(6)  Sb(1)-O(15)-Sb(4) | 126.0(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1
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Sb(5)-0(15)-Sb(4)
Sb(5)-0(11)-Sb(3)
Sb(3)-0(9)-Sb(6)

Sb(3)-0(9)-Na(1)
Sb(6)-0(9)-Na(1)

Sb(1)-0(19)-Sb(3)#1

Sb(4)-0(12)-Sb(5)
Sb(4)-0(12)-Na(1)
Sb(5)-0(12)-Na(1)
Sb(1)-0(13)-Sb(2)
Sb(6)-0(4)-Sb(7)
Sb(6)-O(4)-Na(1)
Sb(7)-O(4)-Na(1)
Sb(6)-0(8)-Sb(2)
Sb(4)-0(3)-Sb(7)
Sb(7)-0(22)-Na(1)

97.5(2)
142.4(4)
134.4(4)

123.5(4)
98.3(3)

136.7(3)

111.2(3)
127.93)
108.9(3)
108.4(3)
141.8(5)
103.6(3)

107.7(4)
108.2(3)

130.9(4)
95.3(3)



3.5 Analytical and Spectroscopic Data

Figure S1: ORTEP view of 3.1 with thermal ellipsoids shown at 30% probability.

Figure S2: ORTEP view of 3.2 with thermal ellipsoids shown at 30% probability.
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Figure S3: ORTEP view of 3.3 with thermal ellipsoids shown at 30% probability.

109



Figure S4: ORTEP view of 3.4 with thermal ellipsoids shown at 30% probability.
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Figure S5: Solid state *'P {'H} NMR of 3.1
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Transition metal stibonate-phosphonate clusters: Chapter
Isolation of M,Sb, (M= Mn, Co, Ni & Cu) Clusters. 4

Abstract: Arylstibonic acid phosphonate pro-ligand, [(p-iPr-CsHsSb)s(OH)4(-BuPOs)s] was
synthesized by condensation reaction of p-isopropylphenylstibonic acid (ArSbOs;H;) with ¢-
butylphosphonic acid. It contains four antimony centers, forms a puckered eight-member Sb4O4
core held together by six #-butyl phosphonates. The synthesis and structural characterization of
arylstibonic acid-transition metal-based molecular phosphonate clusters are reported. The
reaction of transition metal acetate with antimonate-phosphonate pro-ligand [(p-iPr-
CsH4Sb)4(OH)4(-BuPOs)6] under solvothermal conditions with pyridine as a base produced
novel arylstibonic acid-transition metal-based phosphonate clusters (compounds 4.1-4.4). Single
crystal structural elucidation revealed the formation of [M,((p-iPr-CsH4Sb)s(p3-O)2(p2-O)2(12-
OCH3)4(z-BuPO3)4(Py),.2CH30H] {M= Mn(4.1), Co(4.2), Ni(4.3) and Cu(4.4)}.

CH,CN _
ArSbO;H, + 'BuPO,H, ———> [(p-iPr-C¢H,Sb),(OH),(‘BuPO3)]
rt, 24 h

Pyridine
[(p-iPr-CgH4Sb)4(OH)4(‘BuPO;)6] + M(OAc)y, ————
CH,0H

M= Mn(4.1), Co(4.2),
Ni(4.3) and Cu(4.4)
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4.1 Introduction

The phosphonate-based molecular assemblies encompassing metal ions are inducing a great deal
of interest in recent years.' Transition metal phosphonates synthesis and structural
characterization is an active area of research in the last decades due to their potential applications
in magnetism,” biology,? cation exchange,” sorption,* sensors,” catalysis,® catalyst supports, and
non-linear optics.” However, the multidentate coordinating ability of phosphonate ligands, can
lead to formation of insoluble metal complexes. To overcome this problem, co-ligands or bulky
organic groups or preformed metal carboxylate cage as metal precursors can be used in addition
to phosphonic acids.® The co-ligand can occupy a certain number of coordination sites on the
metal ion; thus, phosphonate ligands accessible coordination sites are decreased and forms
soluble products, which can be easily characterized by using single crystal X-ray diffraction. By
adopting this methodology, a large number of manganese,’ iron,'® cobalt,'" nickel,'* copper'’,
and vanadium'* phosphonate molecular cages have been reported. Some of the transition metal
molecular clusters have been found to exhibit interesting properties like showing SMM behavior
at low temperatures.” Last decade onwards, chemists have been attracted to synthesize novel
organoantimony oxo clusters due to their potential applications in the field of biology and
catalysis, especially arylstibonic acids have been used as anti-cancer agents and anti-microbial
agents."> Although the synthesis of arylstibonic acid is known; still, the exact molecular structure
and reactivity is a matter of considerable debate. It may be due to the reason that arylstibonic
acids are generally amorphous, non-crystalline white powders and possess cross-linked
polymeric structures in solid-state.' Depolymerisation reactions of arylstibonic acids with
different protic ligands like phosphonic acids, phenylseleninic acid, phenolic pyrazoles, 8-
hydroxy quinolone, silane diol, and triol have been investigated. It has been found that such
systems led to metal oxo clusters displaying interesting structural diversity.'” The synthesis of
reverse Keggin ions by R. Winpenny is another noteworthy example of the structural
heterogeneity reflected by organostibonic acid.'® Beckmann et al. reported first well-defined
molecular arylstibonic acid by introducing sterically hindered bulky R groups on antimony atom,
which prevent higher aggregation and in solid-state it crystallize as a dimer, similarly a second
molecular arylstibonic acid have been reported and it consist adamantane core type structure.'

Besides, arylstibonic acids have been found to undergo self-condensation in the presence of a
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base; thus, Sbi,, Sbi4, and Sbi¢ polyoxostibonates have been isolated. ESI-MS has proved to be a
very useful technique to understand the basic building block of arylstibonic acid aggregates in a
solution state.® Recently, our group has been reported the synthesis and structurally
characterized series of organostibonic acid phosphonate clusters.'” Owing to the fact that
stibonic acid self-condenses in the presence of base, and mixed antimony-phosphonate clusters
acting as potential pro-ligand, it was predicted the stibonic-phosphonate framework open up a
gateway to study the behavior of those clusters towards base. Winpenny et al reported the ability
of the organostibonate-phosphonate cluster to act as pro-ligand for assembling cobalt and
copper-based molecular clusters.”’ Though stibonates and phosphonates can independently act as
ligands towards metal ions, the pro-ligand cluster method provides a single source precursor
method combining the coordinating ability of stibonates and phosphonates motifs can serve as a
novel ligand platform which could be employed for stabilizing new types of polynuclear metal-
based oxo-hydroxo systems. Herein, we report four novel transition metal-phosphonate clusters
by employing organostibonate-phosphonate pro-ligand system [My((p-iPr-C¢HaSb)a(1t3-O)a(2-
0)2(n2-OCH3)4(-BuPO3)4(Py),2.2CH30H] {M= Mn(4.1), Co(4.2), Ni(4.3) and Cu(4.4)}.

4.2 Experimental section

4.2.1 General Information:

p-Isopropylphenylstibonic acid'® and #-butylphosphonic acid* were synthesized according to
literature reports. Solvents and common reagents were purchased from commercial sources.
Mixed antimonate-phosphonate pro ligand [(p-iPr-CsH4Sb)4(OH)4(#-BuPOs3)s] was synthesized
by condensation reactions of organostibonic acid with #-butylphosphonic acid.'”® All the
compounds used were dried under a high vacuum for half an hour before subjected to

spectroscopic and elemental analysis.
4.2.2 Instrumentation:

Infrared spectra were recorded with a JASCO-5300 FT-IR spectrometer as KBr pellets.
Elemental analysis was performed with a Flash EA Series 1112 CHNS analyzer. Single crystal
X-ray data collection for compounds 4.1-4.4 was carried out at 100(2) K with a Bruker Smart
Apex CCD area detector system [A (Mo-Ka) = 0.71073 A] with a graphite monochromator. The
data were reduced using SAINTPLUS. The structures were solved using SHELXS-97* and

120



refined using the program SHELXL-2014/7** #°. All non-hydrogen atoms were refined

anisotropically.
4.2.3 Synthetic procedure for compounds 4.1-4.4:

Mixed antimonate-phosphonate pro ligand and metal acetate were dissolved in methanol (15 mL)
and simultaneous dropwise addition of pyridine forms clear solution, stirred for one hour then
transferred into Teflon digestion bomb. The bomb was sealed properly, and the mixture was
heated at 100 °C for 12 h and then cooled slowly to room temperature for 48 h. X-ray quality
single crystals were obtained at the bomb's base and walls upon slow cooling of methanol
solution. The isolated crystals were powdered and subjected to high vacuum for half an hour
before being characterized by standard spectroscopic and analytical techniques. The molar ratios

of the corresponding reagents used are as follows.

Compound 4.1: Pro-ligand (0.05 g, 0.027 mmol) and manganese acetate tetrahydrate (0.025 g,
0.1 mmol) pyridine (0.02 mL). Colorless single crystals formed upon slow cooling (48 h) of
methanol solution. Yield: 0.019g (36 % based on Pro-ligand). Anal, Caled (%) for
Co6H102020N2P4sMn,Sby (1964.32): C, 40.36; H, 5.23; N, 1.43. Found: C, 40.21; H, 5.18; N,
1.51. IR (cm-1, KBr pellet): 3417(wide), 2965(s), 2871(m), 1646(m), 1481(s), 1461(m), 1400(s),
1112(s), 1045(m), 980(m), 832(s), 662(s), 516(m).

Compound 4.2: Pro-ligand (0.05 g, 0.027 mmol) and cobalt acetate tetrahydrate (0.026g, 0.1
mmol) pyridine (0.02 mL). Pink colored single crystals formed upon slow cooling (48 h) of
methanol solution. Yield: 0.015g (28 % based on Pro-ligand). Anal, Calcd (%) for
Co6H102020N2P4C02Sby (1972.32): C, 40.19; H, 5.21; N, 1.42. Found: C, 40.27; H, 5.18; N, 1.36.
IR (cm-1, KBr pellet): 3433(wide), 2964(s), 2925(m), 2867(m), 1602(s), 1479(m), 1447(s),
1390(m), 1140(s), 1101(s), 1038(s), 977(m), 950(m), 833(m), 701(s), 659(s), 542(m).

Compound 4.3: Pro-ligand (0.05 g, 0.027 mmol) and nickel acetate tetrahydrate (0.027g, 0.1
mmol) pyridine (0.02 mL). Light green colored single crystals formed upon slow cooling (48 h)
of methanol solution. Yield: 0.021g (39 % based on compound 1). Anal, Calcd (%) for
Ce6H102020N2PsNi,Sby (1971.84): C, 40.20; H, 5.21; N, 1.42. Found: C, 40.31; H, 5.19; N, 1.36.
IR (cm-1, KBr pellet): 3439(wide), 2962(s), 2927(m), 2868(m), 1605(s), 1479(m), 1448(m),
1402(m), 1150(m), 1041(s), 1011(s), 959(s), 821(s), 791(m), 699(m), 658(s), 542(s).
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Compound 4.4: Pro-ligand (0.05 g, 0.027 mmol) and copper acetate monohydrate (0.022 g, 0.1
mmol) pyridine (0.02 mL). Blue colored single crystals formed upon slow cooling (48 h) of
methanol solution. Yield: 0.018g (33 % based on compound 1). Anal, Calcd (%) for
Co6H102020N2P4CusSby (1981.54): C, 40.00; H, 5.19; N, 1.41. Found: C, 40.12; H, 5.23; N, 1.49.
IR (cm-1, KBr pellet): 3418(wide), 2961(s), 2925(m), 2867(m), 1744(m), 1608(m), 1480(s),
1393(s), 1263(m), 1149(s), 1106(m), 1046(s), 1013(s), 967(s), 822(s), 696(m), 674(s), S51(s).

4.3 Results and discussions

Compounds 4.1-4.4 were synthesized by the reaction of antimonate-phosphonate pro-ligand [(p-
iPr-C¢H4Sb)4(OH)4(z-BuPOs)s] with transition metal acetate hydrate [M= Mn(4.1), Co(4.2),
Ni(4.3) and Cu(4.4)] in methanol under solvothermal conditions, using pyridine as a base
(Scheme 4.1). Single crystals of 4.1-4.4 for X-ray diffraction studies formed directly upon the
methanol solution's slow cooling. Compound 4.1-4.3 crystallizes in monoclinic space group
C2/c, and compound 4.4 crystallizes in triclinic space group P-1. The overall molecular
structures of compounds 4.1-4.4 are similar, and all compounds are present as a neutral form in
the crystal structure. The structure of 4.1 (Figure 4.1) is considered for structural discussions.
Crystallographic data and bond metric parameters of 4.1 are given in the table 4.1 & 4.2. The
solid-state structure of 4.1 reveals the formation of extranuclear organoantimony (v) oxo cluster
[Mny((p-1Pr-CsHaSb)a(13-0)2(12-0)2(12-OCH3)4(2-BuPO3)4(Py),.2CH30H].  The  molecular
structure of 4.1 (Figure 4.1) reveals the formation of a puckered eight-membered SbsO4 core
held together by four phosphonates and two Mn metal atoms. Interestingly in sifu generated
SboMn triangle present, here two arylstibonic acids self-condensed through one ps-oxo bridge
and further connected to Mn metal atoms via p,-methoxy bridges. Four phosphonates are found
in the structure, each phosphonate bound to two Sb centers and one Mn metal atom in 3.111
coordination mode based on Harris notation. Each Sb center is present in regular octahedral
geometry with the OsSbC coordination mode. The two Mn atoms are present in the cluster;
around each Mn center is in an octahedral geometry. Of the six coordination present, two
oxygens from phosphonates, one pj3-oxo bridge, two p,-methoxy bridges, and the last
coordination site are fulfilled by pyridine. Two pyridine molecules crystallize along with the
core, and they also satisfy the sixth coordination site of Mn atoms. The Mn-O bond distances

involving p3-0xo, p-methoxy group, and phosphonates falls in the range of 2.264(2) A, 2.199(2)
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to 2.204(2) A, and 2.069(3) to 2.181(3) A, respectively. The Mn-N bond distance is 2.219(3) A.
The Sb-O bond lengths involving p3-hydroxo, p,-methoxy bridges, and phosphonates falls in the
range of 1.961(2) to 1.962(2) A, 1.926 (2) to 2.024(2) A and 2.010(2) to 2.055(2) A,
respectively. The Sb-O-Sb bond angles are 138.76(13)° and 145.94(13)°.

Ve

. Pyridi
[(p -iPr-CH4Sb)s(OH)('BUPO3)s]+ M(OAC), ——m [M(p-iPr-CHSb)y(13-O)s(h-
’ 0),(12-OCH3)4(‘BuPO;)4(Py),]
M= Mn(4.1), Co(4.2),
Scheme 4.1 N1(4.3) and CU(4.4)

Figure 4.1: Solid-state structure of 4.1. Color code Cyan: Sb, Grey: Mn, Pink: P, Red: O.
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Single crystal X-ray studies of 4.2 reveal the formation of hexanuclear organoantimony (v) oxo
cluster [Coy((p-1Pr-CcHaSb)a(p3-0)2(12-0)2(12-OCH3)4(2-BuPO3)4(Py),.2CH3OH]. . Compound
4.2 crystallizes in monoclinic space group C2/c. Crystallographic data and bond metric
parameters of 4.2 are given in the table 4.1 & 4.2. The molecular structure of 4.2 (Figure 4.2)
was isostructural to 4.1. The Co-O bond distances involving p3-oxo, p-methoxy group, and
phosphonates falls in the range of 2.145(4) A, 2.122(4) to 2.128(4) A and 2.008(4) to 2.087(4) A,
respectively. The Co-N bond distance is 2.120(5) A. The Sb-O bond lengths involving us-
hydroxo, p,-methoxy bridges, and phosphonates falls in the range of 1.959(3) to 1.966(3) A,
1.919(4) to 2.031(4) A, and 2.008(4) to 2.059(3) A respectively. The Sb-O-Sb bond angles are
139.0(2)° and 145.9(2)°.

Figure 4.2: Solid-state structure of 4.2. Color code: Cyan: Sb, Purple: Co, Pink: P, Red: O.
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Single crystal X-ray studies of 4.3 reveal the formation of hexanuclear organoantimony (v) oxo
cluster [Niy((p-1Pr-CsH4Sb)a(13-0)2(p2-0)2(2-OCH3)4(2-BuPO3)4(Py),.2CH3;0H].  Compound
4.3 crystallizes in monoclinic space group C2/c. Crystallographic data and bond metric
parameters of 4.3 are given in the table 4.1 & 4.3. The molecular structure of 4.3 (Figure 4.3)
was isostructural to 4.1. The Ni-O bond distances involving ps-oxo, pp-methoxy group, and
phosphonates falls in the range of 2.076(3) A, 2.090(3) to 2.101(3) A, and 2.003(3) to 2.076(3)
A, respectively. The Ni-N bond distance is 2.069(3) A. The Sb-O bond lengths involving us-
hydroxo, p,-methoxy bridges, and phosphonates falls in the range of 1.972(2) to 1.974(2) A,
1.920(2) to 2.039(3) A and 2.003(2) to 2.053(2) A, respectively. The Sb-O-Sb bond angles are
138.57(13)° and 146.83(13)°.

Figure 4.3: Solid state structure of 4.3. Color code Cyan: Sb, Green: Ni, Pink: P, Red: O.

125



Single crystal X- ray studies of 4.4 reveals the formation of hexanuclear organoantimony (v) oxo
cluster [Cuy((p-1Pr-CsHsSb)a(13-0)2(12-0)2(12-OCH3)4(2-BuPO3)4(Py),.2CH3;0H].  Compound
4.4 crystallizes in triclinic space group P-1. Crystallographic data and bond metric parameters of
4.4 are given in the table 4.1 & 4.3. The molecular structure of 4.4 (Figure 4.4) was isostructural
to 4.1. The Cu-O bond distances involving ps3-oxo, p-methoxy group and phosphonates falls in
the range of 2.076(2) A, 2.326(2) to 2.348(2) A and 1.941(2) to 1.985(2) A respectively. The Cu-
N bond distance is 2.004(3) A. The Sb-O bond lengths involving ps-hydroxo, p,-methoxy
bridges and phosphonates falls in the range of 2.0074(19) to 2.013(2) A, 1.915(2) to 2.015(2) A
and 2.011(2) to 2.046 (2) A respectively. The Sb-O-Sb bond angles are 136.37(10)° and
145.45(12)°.

Figure 4.4: Solid-state structure of 4.4. Color code: Cyan: Sb, Blue: Cu, Pink: P, Red: O.

Interestingly, however, arylstibonic acid-phosphonic acid pro ligand reacts with different
transition metals but molecular structure of end product will be same in each case. It indicates
hexanuclear M,Sbs core is more stable. In all structures, each transition metal atom was

coordinated by a pyridine ligand.
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Simultaneously we also investigate independent three-component reactions of arylstibonic acids,
copper acetate hydrate, and #-butylphosphonic acid in the presence of tetracthylammonium
hydroxide results in the formation of novel high nuclearity heterometallic {Sb;,Cu;;} cluster and
sodium ions are trapped inside the heterometallic cage. Unfortunately, the quality of crystal data

was very poor, so it's very difficult to analyze this compound's exact molecular structure.
4.4 Conclusion:

Herein, we have been successfully synthesized antimony-transition metals (M,Sbs) clusters.
M,Sb, clusters can be prepared by arylstibonic acid phosphonate pro-ligand under solvothermal
conditions by using pyridine as a base. Interestingly the molecular structures are isostructural to

our recent report Ti4Sb, molecular oxo cluster.
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Table 4.1: Crystallographic tables of compound 4.1-4.4

4.1 4.2 4.3
Formula CesH110Mn,N,0,,P4Sby  CesHi02C0N,04,P4Sbs  CgHy19N2Ni,04,P4Sb,
F.wt g/mol’’ 2028.33 2028.25 2035.87
T, K 100(2) 100(2) 100(2)
Crystal system ittt Monoclinic Monoclinic
Space group C2/c C2/c C2/c
Crystal size mm’® 0.160 x 0.140x 0.130 | 0.230x 0.170x 0.130 | 0.160 x 0.140 x 0.120
a, A 25.252(3) 25.233(8) 25.249(3)
b, A 20.379(3) 20.100(8) 20.009(3)
¢, A 16.0757(18) 16.085(6) 16.163(2)
a, deg 90 90 90
B, deg 91.123(2) 91.279(10) 91.427(2)
v, deg 90 90 90
v, A3 8271.1(16) 8156(5) 8163.4(18)
V4 4 4 4
Deaca Mg/m3 1.629 1.652 1.657
p, mm-1 1.730 1.851 1.904
F(000) 4088 4072 4112
Theta range, deg 1.284 to0 26.419 1.295 to 26.864 1.299 to 26.388
Index ranges -31<=h<=31 -31<=h<=31 -31<=h<=31
-25<=k<=25 -25<=k<=25 -24<=k<=24
-20<=1<=20 -20<=1<=20 -20<=1<=20
Total reflns 43796 43123 43188
Ind. reflns / R(int) 8474/0.0437 8521/0.0959 8336/0.0512
Completeness to 0,,,c, %o 99.9 100 100
GooF(F2) 1117 1.028 1078
R/WR; [I>26(1)] 0.0361 0.0509 0.0366
R,/WR; [all data] 0.0848 0.1174 0.0873
Largest diff peak/hole, e.A-3 | 1.164/0.594 1.281/-1.503 1.139/-0.656
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i
i

F.wt g/mol’’ 2045.53

l

Crystal system Triclinic

l

Crystal size mm’ 0.230 x 0.180 x 0.160

wiw w0

Theta range, deg 3.044 to 52.866

Completeness to 0,,,,, %o 100

R1/WR2 [I>26(I)] 0.0313/0.0739

Largest diff peak/hole, e.A-3 = 0.84/-0.52
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Table 4.2: Selected bond lengths (A) and bond angles (°) in 4.1-4.2

Sb(1)-0(1)
Sb(1)-0(2)
Sb(1)-0(3)

Sb(1)-0(4)
Sb(1)-0(5)

Sb(2)-0(4)#1

Sb(2)-0(1)
Sb(2)-0(6)
Sb(2)-0(7)
Sb(2)-0(8)
Mn(1)-O(1)

Mn(1)-0(9)#1
Mn(1)-O(11)

Mn(1)-O(8)
Mn(1)-0(3)
Mn(1)-N(1)

Sb(1)-0(3)-Mn(1)
Sb(1)-0(1)-Sb(2)

Sb(1)-0(1)-Mn(1)
Sb(2)-0(1)-Mn(1)
Sb(2)-0(8)-Mn(1)

4.1

Sb(1)-0(4)-Sb(2)#1

1.961(2)
2.053(2)
2.024(2)

1.926(2)
2.017(2)

1.928(2)

1.962(2)
2.010(2)
2.055(2)
2.014(2)
2.264(2)
2.069(3)

2.181(3)
2.199(2)

2.204(2)

2.219(3)
103.45(10)

138.76(13)
103.39(10)
103.31(10)
103.89(10)
145.94(13)

Sb(1)-0(1)
Sb(1)-0(2)
Sb(1)-0(3)

Sb(1)-0(4)
Sb(1)-0(5)

Sb(2)-0(2)#1

Sb(2)-0(1)
Sb(2)-0(8)
Sb(2)-0(9)
Sb(2)-0(7)
Co(1)-0(1)
Co(1)-0(3)
Co(1)-0(9)

Co(1)-O(11)#1

Co(1)-0(6)
Co(1)-N(1)

Sb(1)-0(3)-Co(1)
Sb(2)-0(9)-Co(1)
Sb(2)-0(1)-Sb(1)
Sb(2)-0(1)-Co(1)
Sb(1)-0(1)-Co(1)

4.2

Sb(2)#1-0(2)-Sb(1)
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1.966(3)
1.920(4)
2.031(4)

2.016(4)
2.051(4)

1.919(4)

1.959(3)
2.008(4)
2.014(4)
2.059(3)
2.145(4)
2.122(4)

2.128(4)
2.008(4)

2.087(4)

2.120(5)
101.45(16)

101.98(15)
139.02)

103.25(16)
102.81(15)

145.9(2)



Table 4.3: Selected bond lengths (A) and bond angles (°) in 4.3-4.4

Sb(1)-0(1)
Sb(1)-0(2)
Sb(1)-0(3)

Sb(1)-0(4)
Sb(1)-0(5)

Sb(2)-0(1)

Sb(2)-0(5)#1

Sb(2)-0(8)
Sb(2)-0(7)
Sb(2)-0(6)
Ni(3)-0(1)
Ni(3)-0(9)
Ni(3)-0(3)
Ni(3)-0(7)
Ni(3)-0(10)

Ni(3)-N(1)

Sb(1)-0(1)-Sb(2)
Sb(1)-O(1)-Ni(3)
Sb(2)-O(1)-Ni(3)
Sb(1)-0(5)-Sb(2)#1
Sb(1)-0(3)-Ni(3)

Sb(2)-0(7)-Ni(3)

43

1.972(2)
2.050(2)
2.039(3)

2.010(2)
1.920(2)

1.974(2)

1.926(2)
2.003(2)
2.025(3)
2.053(2)
2.076(3)
2.003(3)

2.090(3)
2.101(3)

2.076(3)

2.069(3)
138.57(13)

103.00(10)
103.27(10)
146.83(13)
100.24(11)

100.63(10)

Sb(1)-0(1)
Sb(1)-0(2)
Sb(1)-0(3)

Sb(1)-O(4)

Sb(1)-0(6) #1

Sb(2)-0(1)
Sb(2)-0(5)
Sb(2)-0(8)
Sb(2)-0(7)
Sb(2)-0(6)

Cu(3)-0(1)

Cu(3)-0(9) #1

Cu(3)-0(4)
Cu(3)-0(5)
Cu(3)-0(10)
Cu(3)-N(1)

Sb(1)-0(1)-Sb(2)
Sb(1)-0(1)-Cu(3)
Sb(2)-0(1)-Cu(3)
Sb(1) #1-0(6)-Sb(2)
Sb(1)-0(4)-Cu(3)

Sb(2)-0(5)-Cu(3)
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4.4

2.0074(19)
2.046(2)
2.016(2)

2.015(2)
1.915(2)

2.013(2)

1.998(2)
2.011(2)
2.043(2)
1.926(2)
2.076(2)
1.941(2)

2.348(2)
2.326(2)

1.985(2)

2.004(3)
136.37(10)

105.13(9)
105.06(8)
145.45(12)
95.70(8)

96.98(8)



4.5 Analytical and Spectroscopic Data

3
Figure S2: ORTEP view of 4.2 with thermal ellipsoids shown at 30% probability.
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Figure S4: ORTEP view of 4.4 with thermal ellipsoids shown at 30% probability.
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Stibonate-Phosphonate Cluster Stabilizing Chapter
Lanthanide ions (Ln = Pr, Gd & Dy) S

Abstract: Arylstibonic acid phosphonate pro-ligand, [(p-iPr-CsHsSb)s(OH)4(-BuPOs)s] was
synthesized by condensation reaction of p-isopropylphenylstibonic acid (ArSbOsH,) with ¢-
butylphosphonic acid. It contains four antimony centers, forms a puckered eight-member Sb4O4
core held together by six z-butyl phosphonates. The reaction of hydrated lanthanide acetate salt
with antimonate-phosphonate pro-ligand [(p-iPr-CsH4Sb)4(OH)4(-BuPOs3)¢] under solvothermal
conditions in methanol, in the presence of pyridine as a base yielded two families of novel
arylstibonic acid-lanthanide based metal phosphonate clusters. Single crystal structural
elucidation revealed the formation of [Pry(ArSb)s(ps-O)2(p2-OH)(p2-OCH3)3(OCH3)4(2-
BuPOs;H)e(#-BuPOs)s]  (5.1), [Gda(ArSb)as(ps-O)a(p2-OH)2(n2-OCH3)s(OCH3)4(2-BuPOsH)4(2-
BuPOs)4] (5.2) and [Dyi2(ArSb)i2(p3-OH)s(n2-OCH3)12(OCH3)12(2-BuPO3H)e(2-BuPOs3) 15 {(#-
Bu),P,0s5}6] (5.3). The clusters 5.1 and 5.2 are 1D coordination polymers whose repeating unit
possesses a tetramer motif. While two lanthanide ions in a tetramer are in eight-coordinate with
triangular dodecahedron geometry, the other two antimony centers are in hexa-coordinate with
octahedral geometry. In contrast to 5.1 and 5.2, interestingly 5.3 possesses novel twenty-four
membered ring-type architecture, consist of six Dy(III) centers which are in eight-coordinate and
present in square-antiprism geometry. While the other six Dy(IIl) centers which are in hexa-
coordinate with octahedral geometry. Twelve antimony (V) centers are in hexa-coordinate with
octahedral geometry. Interestingly rare di #-butylphosphonate {(z-Bu),P,Os} ligand system is
generated in situ by self-condensation of two #-butylphosphonic acids which help in stabilizing
the Dy, cluster. Preliminary magnetic moment studies (Dc and Ac) have been performed and

the results are explained in detail.
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5.1 Introduction:

The design, synthesis and structural characterization of high-nuclearity heterometallic {3d-4f}
clusters have been an area of focus due to their fascinating structures and potential applications
in various fields such as magnetism,l luminescence,2 electronics,3 material science,4 and
nanotechnology.’ To date, a great variety of nano-sized 3d-4f clusters of various nuclearities with
fascinating structure types such as wheel-shaped {Dy;¢Co,}.° prism-type {LagNiz},” dumbbell-
shaped,® nesting doll-like {GdssNis4},” drum-like {LnsCda4},'® bowl-like {Lns,Coio},'" ring-like
{LnysCuse}'? and grid-like {LngCog}'"® have been reported. Recently 3d-4f phosphonates
especially where 4f ion is isotropic Gd (III) ion; reported as potential molecular magnetic
refrigerants.'* Reports on homo metallic 4f phosphonates are limited due to the reason that
lanthanide phosphonate complexes generally have poor solubility and poor crystallinity in water
and organic solvents and this can make them difficult to characterize. Mallouk ef al reported first
lanthanide phosphonates [Ln(PhPO3;)(PhPOs;H)] (here Ln = La, Ce) and a series of lanthanide
alkylphosphonates in the year of 1990."> Recently, Winpenny ef al also have been synthesizing
lanthanide phosphonate molecular cages and mixed 3d-4f phosphonate cages with interesting
physical properties.'® Lanthanide metal phosphonates and main group metal phosphonates have
been studied independently for a number of years, but to the best of our knowledge, main group
metal phosphonates are used as pro-ligands for assembling lanthanide metal atoms have not been
reported. For the first time, we are reporting organostibonic acid-phosphonate based pro-ligand,
which can be used for assembling lanthanide metal atoms under hydrothermal conditions in the
presence of a base. In recent years considerable attention has been directed towards the synthesis
and structural characterization of organoantimony (V) oxo clusters due to their potential
applications in the field of biology and catalysis. Recent biological studies shows that
arylstibonic acids are used as potential anticancer agents and antimicrobial agents.'” Beckmann
et al reported well-defined molecular stibonic acids by introducing sterically hindered bulky R
groups on the antimony atom.'® In the presence of base arylstibonic acid self-condenses leading
to isolation of novel Sby,, Sbj4 and Sbi¢ polyoxostibonate type frameworks, wherein ESI-MS has
been found to be a very useful technique to understand basic building block of arylstibonic acid
aggregates in solution.'® Although arylstibonic acids possess cross-linked polymeric structures in
solid state, we have a long-standing interest in using arylstibonic acid as a ligand for the

synthesis of polynuclear molecular clusters. Recently our group reported depolymerization
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reactions of arylstibonic acids with protic ligands such as phosphonic acids, phenylseleninic acid,
phenolic pyrazole, 8-hydroxy quinolone, silane diol and triol resulting in the isolation of tetra
and trinuclear organoantimony oxo cluster.?’ Very recently, mixed valent Sb4(III/V) POMs have
been reported, which is stabilized by telluroxane ligands and counter triphenyltellurium
cations.”!  Arylstibonic acids have been used as a ligand, like phosphonic acid and arsenic acid
to bind with transition metals to form a reverse Keggin type structure.”” However, arylstibonic
acids and phosphonic acids can independently act as ligands towards metal ions, mixing of both
ligands results partial condensation, giving polydentate oxygen donor ligands. The pro-ligand
cluster method provides a single-source precursor for the combining the coordination ability of
stibonates and phosphonates motifs that can serve as a novel ligand platform which could be
employed for stabilizing new types of polynuclear metal based oxo hydroxo systems. The use of
pro-ligand for assembling transition metals is a milestone in arylstibonic acid chemistry™ as this
concept can be used to investigate reactivity studies of arylstibonic acid with lanthanide metals
by employing solvothermal conditions. For this purpose, we choose easily crystallizable and
soluble p-isopropylphenylstibonic acid rather than insoluble p-halostibonic acids. In this study
we understand that the solubility of arylstibonic acids has been influenced by organic
substituents appended on Sb atom. They also plays important role in the end-product formation.
Herein, the synthesis, magnetic properties and structural characterization of two types of
arylstibonic acid-lanthanide based metal phosphonate clusters are reported. Single crystal X-ray
diffraction studies reveals that formation of [Prs(ArSb)s(ps-O)z(pn2-OH)2(p2-OCH3)3(OCH3)4(2-
BuPOs;H)e(#-BuPOs)s]  (5.1), [Gds(ArSb)s(ps-O)a(p2-OH)2(n2-OCH3)s(OCH3)4(2-BuPOsH)4(#-
BuPOs)4] (5.2) and [Dyi2(ArSb)i2(n3-OH)e(m2-OCH3)12(OCHj3)12(2-BuPOsH)s(2-BuPO3) 5 {(¢-
Bu),P,0s}6] (5.3). Detailed synthesis and structural characterization of compounds 5.1 to 5.3 are

given in this chapter.
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5.2 Experimental Section

5.2.1 General Information:

Arylstibonic acids®® (aryl= p-isopropylphenyl) and #-butylphosphonic acid® were synthesized
according to literature reports. Solvents, lanthanide metal acetate salts and common reagents
were purchased from commercial sources. Mixed antimonate-phosphonate pro ligand [(p-iPr-
CsH4Sb)4(OH)4(-BuPOs)s] was synthesized by the condensation reaction of organostibonic acid

with #-butylphosphonic acid.”*

5.2.2 Instrumentation:

Infrared spectra were recorded with a JASCO-5300 FT-IR spectrometer as KBr pellets.
Elemental analysis was performed with a Flash EA Series 1112 CHNS analyzer. Single crystal
X-ray data collection for compounds 5.1 to 5.2 was carried out at 100(2) K with a Bruker Smart
Apex CCD area detector system [A (Mo-Ka) = 0.71073 A] with a graphite monochromator.
Single crystal X-ray data collection for compound 5.3 was carried out at 100(2) K with a Bruker
Axs Smart APEX II Single Crystal Diffractometer with Oxford Cryosystems 700 cooler plus.
The data were reduced using SAINTPLUS. The structures were solved using SHELXS-97%° and
refined using the program SHELXL-2014/7.*7 All non-hydrogen atoms were refined

anisotropically.
5.2.3 General synthetic procedures for compounds 5.1- 5.3:

The general synthetic methodology adopted is as follows, mixed antimonate-phosphonate pro
ligand and lanthanide metal acetate hydrate were dissolved in methanol (15 mL) and
simultaneous dropwise addition of pyridine forms clear solution, stirred for 1 h then transferred
into Teflon digestion bomb. The bomb was sealed properly and the mixture heated to 100 °C for
12 h and then cooled slowly. X-ray quality single crystals were obtained at the base of the bomb.
The isolated crystals were powdered and subjected to high vacuum for half an hour before being
characterized by standard spectroscopic and analytical techniques. The molar ratios of the

corresponding reagents used are as follows.

Compound 5.1: Pro-ligand (0.05 g, 0.027 mmol) and praseodymium acetate (0.042 g, 0.1 mmol)
pyridine (0.02 mL). Green block shaped single crystals formed upon slow cooling (48 h) of
methanol solution. Yield: 0.017g (20 % based on Pro-ligand). Anal, Caled (%) for
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C80H152040P8Pr4Sb4 (3052.49): C, 31.48; H, 5.02. Found: C, 31.72; H, 4.58. IR (cm-1, KBr
pellet): 3413(wide), 2960(s), 1630(m), 1552(s), 1479(m), 1384(s), 1104(s), 1039(s), 1011(m),
671(s), 507(s).

Compound 5.2: Pro-ligand (0.05 g, 0.027 mmol) and gadalonium acetate (0.044 g, 0.1 mmol)
pyridine (0.02 mL). Colorless single crystals formed upon slow cooling (48 h) of methanol
solution. Yield: 0.014g (16 % based on Pro-ligand). Anal, Caled (%) for
C80H152040P8Gd4Sb4 (3117.86): C, 30.82; H, 4.91. Found: C, 30.85; H, 4.61. IR (cm-1, KBr
pellet): 3397(wide), 2963(s), 2926(m), 1627(m), 1556(s), 1480(m), 1459(s), 1111(m), 1045(s),
832(m), 679(s), 508(m).

Compound 5.3: Pro-ligand (0.05 g, 0.027 mmol) and dysprosium acetate (0.045 g, 0.1 mmol)
pyridine (0.02 mL). Colorless single crystals formed upon slow cooling (48 h or 72 h) of
methanol solution. Yield: 0.010g (12% based on Pro-ligand). Anal, Caled (%) for
C276H5280134P36Dy12Sb12 (10517.22): C, 31.52; H, 5.06. Found: C, 31.49; H, 5.15. IR (cm-
1, KBr pellet): 3416(wide), 2962(s), 2870(m), 1633(m), 1557(m), 1458(s), 1384(s), 1117(m),
1046(s), 663(s), 544(m).

5.3 Results and Discussions

Compounds 5.1-5.3 were synthesized by the reaction of antimonate-phosphonate pro-ligand [(p-
1Pr-CsH4Sb)4(OH)4(2-BuPO3)s] with lanthanide(I1I) metal acetate hydrate [Ln= Pr(5.1), Gd(5.2)
and Dy(5.3)] in methanol under solvothermal conditions, using pyridine as a base (Scheme 1).
Single crystals of 5.1-5.3 for X-ray diffraction studies appeared directly upon slow cooling of the
methanol solution. Compound 5.1 crystallizes in tetragonal chiral space group P41212.
Crystallographic data and bond metric parameters of 5.1 are given in the table 5.4 & 5.5. Since
the overall molecular structures of 5.1 and 5.2 are very similar. The structure of 5.1 (Figure 5.1)
is considered for structural discussions. The molecular structure of 5.1 can be visualized as 1D
coordination polymers whose repeating unit possess tetramer motif {Pr,Sb,} (Figure 5.3). The
asymmetric unit of 5.1 (Figure 5.1) contains repeating tetramer units {Pr,Sb,} bridged with two
t-butylphosphonic acid moieties. The tetramer unit core (Figure 5.2) displays boat-shaped
geometry. In tetramer unit, two arylstibonic acid moieties self-condensed through one p4-oxido,
one Wr-hydroxo bridge and further connected with praseodymium metal atoms through bridged

two pp-methoxy groups, forms boat-shape structure. Of the two types of phosphonates present,
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the first type phosphonates chelate to the one antimony atom and two Pr metal atoms in 3.111

coordination mode based on Harris notation.

[Lng(RSb)4(14-O),(1,-OH),(OCH3)1,(-BuPO3) ],
Ln=Pr(5.1), Gd (5.2)

Py, CH30H, |1 h0Ac); xH,0
100 °C

[ [(RSb)4(OH),(#-BuPO3)¢] ] (R =p-iPr-C¢Hy)

Py, CH;0H} py(0Ac), xH,0
100 °C
[Dy12(RSb);,(13-OH)c(OCH3),4(2-BuPO3),4 {(-Bu),P, 05} 4]

(5.3)
Scheme 5.1

Figure 5.1: Molecular structure of 5.1. H atoms are omitted for clarity. Color code; Blue: Pr,

Cyan: Sb, Pink: P, Red: O, Brown: C
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The second type of phosphonates ligands bridges two tetramer units and chelate to two Pr metal
atoms in a 2.110 coordination mode. These bridged phosphonates are responsible for the
formation of a 1D coordination polymer. Each Sb center is present in an octahedral geometry
with the OsSbC coordination mode. The Sb-O bond lengths involving ps-oxido, p,-hydroxo and
1,-OCHj bridges are falls in the range of 2.035(8) A, 1.973(8) A and 2.009(8) to 2.018(9) A
respectively. The Sb-O bond lengths involving phosphonates falls in the range of 2.019(10) A
which is comparable to literature reported phosphonate bond lengths like organotinphosphonate
cage,”® galliumphosphonate cage® and borophosphonate cage.’® The Sb-O-Sb bond angles fall in
the range of 97.9(5) to 102.2(5) °. Each Pr metal center is eight-coordinate, bound to one p4-
oxido bridge, four phosphonate oxygens and three oxygens from the methoxy group (in which
two are bridged and one is terminal). By using SHAPE 2.1 systematic calculations we can
conclude the coordination geometries around the all eight-coordinated Pr (III) ions in 5.1 are
exhibit the closest similarity to triangular dodecahedron geometry (Figure 5.2). The Pr-O bond
lengths involving p4-oxido, methoxy group and phosphonates falls in the range of 2.639(5) A,
2.488(9) to 2.584(17) A and 2.361(9) to 2.409(10) A respectively. The Pr-O-Pr bond angle is
136.4(5)°. The Pr-O-Sb bond angles are falls in the range of 103.12(8)° to 109.1(4)°.

Figure 5.2: (Left) tetramer boat-shape core [Pr,Sb,] structure of 5.1 and (Right) Coordination
geometry around Pr. Color code; Blue: Pr, Cyan: Sb, Red: O.
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Compound 5.2 crystallizes in tetragonal chiral space group P41212. Crystallographic data and
bond metric parameters of 5.2 are given in the table 5.4 & 5.5. The overall molecular structures
of 5.2 are very similar to 5.1. Each Sb center is present in an octahedral geometry with the
OsSbC coordination mode. The Sb-O bond lengths involving p4-oxido, pr-hydroxo and p,-OCHj3
bridges are falls in the range of 2.035(8) A, 1.967(8) A and 1.996(9) to 2.007(9) A respectively.
The Sb-O bond lengths involving phosphonates are falls in the range of 2.006(10) A which is
comparable to literature reported phosphonate bond lengths like organotinphosphonate cage,®
galliumphosphonate cage” and borophosphonate cage.’® The Sb-O-Sb bond angles fall in the
range of 98.1(5) to 102.7(6) °. Each Gd metal center is in eight-coordinate, bound to one p4-
oxido bridge, four phosphonate oxygens and three oxygens from methoxy group (in which two
are bridged and one is terminal). By using SHAPE 2.1 systematic calculations we can conclude
the coordination geometries around the all eight-coordinated Gd(IIl) ions in 5.2, exhibit the
closest similarity to triangular dodecahedron geometry. The Gd-O bond lengths involving -
oxido, methoxy group and phosphonates are falls in the range of 2.563(5) A, 2.422(11) to 2.60(2)
A and 2.285(11) to 2.353(10) A respectively. The Gd-O-Gd bond angle is 136.4(5)°. The Gd-O-
Sb bond angles are fall in the range of 103.06(9)° to 109.4(4)°.

G T SN T e T A T

Figure 5.3: 1 D molecular structure of compounds 5.1
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The synthetic procedure for 5.3 is similar to 5.1. Here change in lanthanide metal precursor from
praseodymium acetate hydrate to dysprosium acetate hydrate the molecular structure topology of
the resulting cluster changes from 1D coordination polymer to twenty four-membered ring-type
architecture. Recently winpenny et al reported {Lnjo} metal cages,”’ in which nine Dy metals
atoms form a ring and six-coordinated Dy metal present in the ring center. To date, most of the
literature reported metallo-rings have been obtained from the assembly of pure transition metals
or lanthanide ions, such as {Mo;7}, {Mngs}, {Nis4}, {Fejs}, {Ln;s} and {Ln;o} and so forth. In
contrast to hetero metallic 3d-4f rings, the main group metal lanthanide rings are still
underdeveloped. Herein we are first time reporting lanthanide metal {Dy»} ring-type
architecture built with arylstibonic acid-phosphonate pro-ligand (Figure 5.5). Compound 5.3
crystallizes in monoclinic space group C2/c with half of the molecule present in the asymmetric
unit. Crystallographic data and bond metric parameters of 5.3 are given in the table 5.4 & 5.6.
The molecular structure of 5.3 contains twelve Dy metal atoms, twelve Sb atoms thirty-six #-
butylphosphonates, six ps;-hydroxo bridges and twenty-four methoxy groups (in which half are
bridged and the remaining half are terminal), which combine form a novel {Dy;,Sb,P3¢} ring-
type architecture (Figure 5.5). The ring-type architecture consists of six tetramer units [Dy,Sb;].
Interestingly rare di #-butylphosphonate ligand system {(#~-Bu),P,Os} (Figure 5.6) is generated in
situ by self-condensation of two #-butyl phosphonates. This ligand system bridges two tetramer
units and placing important role in the formation of ring-type architecture. To the best of our
knowledge, this is the first report on self-condensation of arylstibonic acid-phosphonates to
stabilize lanthanide molecular cluster assembly. In the tetramer unit surprisingly in situ generated
Sb,DyO triangle is present, in which two arylstibonic acid moieties self-condensed through p;-
hydroxo bridge and further chelate to eight-coordinate Dy atom. The Sb-O-Sb edge is capped by
t-butyl phosphonate oxygens in 2.110 coordination mode. This triangle is further connected to a
six-coordinate Dy atom through #-butyl phosphonate oxygens in 3.111 coordination mode. Two
types of Dy atoms are present in the structure, first type is eight-coordinate Dy bound to one ps-
hydroxo bridge, four phosphonate oxygens and three oxygens from the methoxy group (in which
two are bridged and one is free). The second type is six-coordinate Dy, bound to one free
methoxy group and five phosphonate oxygens. The Dy-O bond lengths involving ps-hydroxo,
methoxy group and phosphonates falls in the range of 2.431(9) to 2.442(9) A, 2.375(10) to
2.536(9) A and 1.976(8) to 2.304(8) A respectively. The Dy-O-Sb and Sb-O-Sb bond angles are
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falls in the range of 106.5(4) to 110.1(4)° and 133.7(2) to 134.1(4)° respectively. Each Sb center
is present in an octahedral geometry with the OsSbC coordination mode. The Sb-O bond lengths
involving ps-hydroxo, p,-methoxy bridges and phosphonates are falls in the range of 1.979(9) to
1.992(9) A, 1.979(10) to 1.995(9) A and 1.996(8) to 2.006(8) A respectively. By using SHAPE
2.1 systematic calculations we can conclude the coordination geometries around the all eight-
coordinated Dy(IIl) ions exhibit the closest similarity to square-antiprism geometry and six

coordinated Dy(III) ions exhibit octahedral geometry (Figure 5.4).

Figure 5.4: (Left) Geometry around six coordinate Dy2 and (Right) Geometry around eight

coordinate Dyl.

To the best of our knowledge, these compounds 5.1 to 5.3 represent the first examples of
coordination polymers and ring-type architecture of lanthanide ions built with antimonate-
phosphonate pro-ligand. Compound 5.1 and 5.2 are 1D coordination polymers whose repeating
unit possesses a tetramer motif. Interestingly compound 5.3 possess novel twenty-four
membered ring-type architecture {Dy;>Sbi,P36}, consist of twelve Dy(IIl) centers and twelve

Sb(V) centers.
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Figure.5.5: Molecular structure of 5.3. H atoms are removed for clarity. Color code; Blue: Dy,

Cyan: Sb, Pink: P, Red: O, Brown: C
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Figure 5.6: (Left) New {(#-Bu),P,Os} ligand system and (Right) Tetramer unit [Dy,Sb,]
structure. Color code; Blue: Dy, Cyan: Sb, Pink: P, Red: O

Figure 5.7: Core structure of 5.3

5.4 Magnetic studies

Temperature-dependent magnetic susceptibility measurements for compounds 5.1 to 5.3 were
performed in the temperature range of 300-1.8 K under an applied field of 1000 Oe (Figure.5.8
to 5.10). The observed y,T values at 300 K are 0.974, 7.88 and 16.13 cm® K mol™ for 5.1, 5.2

149



and 5.3 respectively. Which are in good agreement with expected values for 5.1 and 5.2. In case
of 5.3 the value is slightly larger than the expected value for an isolated Dy(IIl) ions (°Hjsp,
S=5/2, L=5, J=15/2, g = 4/3 and C = 14.18 cm’ K mol™). In the case of compound 5.1 the y,,T
value is constant up to 150 K below which it starts decreasing rapidly to a minimum value of
0.04 cm® K mol”'. In case of 5.2 as temperature decreases the 7,7 value increases to 8.22 cm® K
mol™ up to 100 K, below which it starts decreasing and reaches a minimum value of 6.9 cm® K
mol”'. Lowering the temperature y,,T value decreases steadily and reaches a minimum value of
11.04 cm® K mol™ for 5.3. The low-temperature decrease in y,,7 values in all the complexes may

be attributed to crystal-field effects, intra and intermolecular antiferromagnetic interactions.
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Figure 5.8: 3,7 vs T plot of compound 5.1
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The field dependence of magnetization plotted as M vs H is shown in FigureS.11 & 5.12 from 0-
7 T for 5.1 & 5.3 at low temperatures (1.8 K, 3 K, 5 K and 8 K). It shows that at low field the

magnetization increases rapidly and reaches a value of 1.18 (5.1) and 77.8 (5§.3) Nugat 7 T

without clear saturation. The values are lower than the expected theoretical values in the case of

compound 5.3, suggesting the anisotropy associated with this complex.
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Fig.5.11: Magnetization vs field plot of 5.1  Fig.5.12: Magnetization vs field plot of 5.3
In order to understand the dynamic magnetic behavior of complex 5.3, ac-susceptibility
measurements were performed. It doesn't show any sign of slow relaxation of magnetization
under zero-field or under an applied field suggesting the absence of slow relaxation of

magnetization
5.5 Conclusion

In summary, we have successfully synthesized and characterized the first examples of
arylstibonic acid-lanthanide based metal molecular phosphonates by employing antimonate-
phosphonate pro-ligand under solvothermal conditions. Compound 5.1 and 5.2 are 1D
coordination polymers, while interestingly compound 5.3 possesses novel twenty-four membered
ring-type architecture. Interestingly rare di -butylphosphonate ligand system has been generated
in situ by self-condensation of two #-butyl phosphonic acids which plays important role in the
assembling of the macrocyclic cluster. Preliminary magnetic moment studies have been

performed and the results are explained in detail.
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Table 5.1: Summary of SHAPE calculations of compound 5.1 and 5.2
S.No Geometry Cshm value for Pr1 | Cshm value for Gd1
1 Octagon(D8h) 31.058 31.238
2 Hepatgonal pyramid(C7v) 23.941 24.191
3 Hexagonal bipyramid(D6h) 16.523 16.573
4 Cube(Oh) 10.941 10.836
5 Square antiprism(D4d) 3.084 3.256
6 Triangular dodecahedron(D2d) 0.835 0.745
7 Johnson gyrobifastigium J26 (D2d) 13.011 12.804
8 Johnson elongated triangular bipyramid | 27.626 27.850
J14(D3h)
9 Biaugmented trigonal prism J50(C2v) | 2.431 2.469
10 Biaugmented trigonal prism(C2v) 2.069 2.273
11 Snub diphenoid J84 (D2d) 2.256 2.009
12 Triakis tetrahedron(Td) 11.475 11.264
13 Elongated trigonal bipyramid(D3h) 24.335 24.243
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Table 5.2: Summary of SHAPE calculations of compound 5.3 (Dy1)

S.No Geometry Cshm value for Dyl
1 Octagon(D8h) 31.508
2 Hepatgonal pyramid(C7v) 22.506
3 Hexagonal bipyramid(D6h) 13.695
4 Cube(Oh) 8.898
5 Square antiprism(D4d) 1.033
6 Triangular dodecahedron(D2d) 2.527
7 Johnson gyrobifastigium J26 (D2d) 13.412
8 Johnson elongated triangular bipyramid J14(D3h) | 27.940
9 Biaugmented trigonal prism J50(C2v) 2.718
10 Biaugmented trigonal prism(C2v) 2.018
11 Snub diphenoid J84 (D2d) 4.876
12 Triakis tetrahedron(Td) 9.576
13 Elongated trigonal bipyramid(D3h) 23.218

Table 5.3: Summary of SHAPE calculations of compound 5.3 (Dy2)

S.No Geometry Cshm values for Dy2
1 Hexagon(D6h) 31.716

2 Pentagonal pyramid(C5v) 25.162

3 Octahedron(Oh) 0.799

4 Trigonal prism(D3h) 11.499

5 Johnson pentagonal pyramid J2(C5v) 28.857
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Table 5.4: Crystallographic tables of compounds 5.1-5.3

Formula

F.wt g/mol”

T, K

Crystal system
Space group
Crystal size mm’®
a, A

b, A

c, A

a, deg

P, deg

7, deg

V, A3

Z

Dcatea Mg/m3

1, mm-1

F(000)

Theta range, deg

Index ranges

Total reflns

Ind. reflns / R(int)

Data/restraints/parameters

Completeness to 0,,,,, %
GooF(F2)

R{/WR, [I>26(I)]
Ri/WR, [all data]

Largest diff peak/hole, e.A-3

5.1
CgoH152040PsPr4Sby
3052.41
100(2)

Tetragonal

P43212

17.515(3)
17.515(3)
19.629(4)

90

90

90

6022(2)

2

1.683

2.646

3024

1.558 t0 26.628
21<=h<=21
20<=k<=22
24<=1<=24
64491

6268/ 0.0972
6268 /3 /283
100

1.135

0.0578/ 0.1462
0.0674/0.1519
2.396/ -1.603
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5.2
CgoH152Gd4O40PsSby
3117.77
100(2)

Tetragonal

P41212

17.4779(12)

17.4779(12)
19.326(3)

90

90

90

5903.7(11)

2

1.754

3.295

3064

1.571 to0 26.425
21<=h<=21
21<=k<=21
24<=1<=24
63541

6075/ 0.0977
6075 /4 /296
100

1.175
0.0635/0.1360
0.0701/0.1391
1.737/ -1.066

53
Cy76Hs28Dy120134P36Sb 12
10516.87
100(2)

Monoclinic

C2/c

38.8188(17)
26.4438(10)
45.5554(19)
90
108.6010(10)
90

44321(3)

4

1.576

2.914

20800

2.216 to 27.545
-49<=h<=47
31<=k<=34
-59<=1<=59
216259
49813/0.2163
49813 /37/ 1978
99.9

1.063

0.0859/ 0.1580
0.2269/0.2068
2.028/ -2.385



Table 5.5: Bond lengths and Bond angles of compound 5.1 and 5.2

5.1
Sb(1)-O(1)#1
Sb(1)-0(2)
Sb(1)-0(3)
Sb(1)-0(4)
Sb(1)-0(5)
Pr(1)-0(1)
Pr(1)-0(3)
Pr(1)-0(5)
Pr(1)-0(6)
Pr(1)-0(7)
Pr(1)-O(8)#1
Pr(1)-0(9)
Pr(1)-O(11)
O(1)-Sb(1)#1
0(2)-Sb(1)#1
0(3)-Sb(1)#1
0(3)-Pr(1)#1
O(8)-Pr(1)#1
Sb(1)#1-0(1)-Pr(1)
Sb(1)#1-0(2)-Sb(1)
Sb(1)#1-0(3)-Sb(1)
Sb(1)#1-0(3)-Pr(1)
Sb(1)-0(3)-Pr(1)
Sb(1)#1-0(3)-Pr(1)#1
Sb(1)-0(3)-Pr(1)#1
Pr(1)-0(3)-Pr(1)#1

2.018(9)
1.973(8)

2.035(8)
2.019(10)
2.009(8)

2.488(9)
2.639(5)
2.572(9)
2.406(9)
2.365(10)
2.361(9)

2.409(10)
2.584(17)

2.018(9)

1.973(7)
2.035(8)
2.639(5)

2.361(9)
109.1(4)
102.2(5)
97.9(5)
103.12(8)
105.07(9)
105.07(9)
103.13(8)

136.4(5)
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5.2

Gd(01)-O(1)
Gd(01)-0(2)
Gd(01)-0(3)
Gd(01)-0(6)
Gd(01)-0(7)
Gd(01)-O(8)
Gd(01)-0(9)
Gd(01)-0(11)
Sb(1)-0(1)

Sb(1)-0(2)

Sb(1)-0(4)

Sb(1)-0(5)
Sb(1)-0(6)#1
0(2)-Sb(1)#1
0(2)-Gd(01)#1
0(5)-Sb(1)#1
0(6)-Sb(1)#1
Sb(1)-0(2)-Sb(1)#1
Sb(1)-0(2)-Gd(01)
Sb(1)#1-0(2)-Gd(01)
Sb(1)-0(2)-Gd(01)#1
Sb(1)#1-0(2)-Gd(01)#1
Gd(01)-0(2)-Gd(01)#1
Sb(1)#1-0(5)-Sb(1)
Sb(1)-0(1)-Gd(01)
Sb(1)#1-0(6)-Gd(01)

2.507(9)
2.563(5)

2.333(10)
2.422(11)
2.285(11)

2.353(10)
2.301(10)
2.60(2)
2.007(9)
2.035(8)
2.006(10)
1.967(8)
1.996(9)
2.035(8)
2.563(5)
1.967(8)
1.996(9)

98.1(5)
105.12(9)
103.06(9)
103.06(9)
105.13(9)
136.4(5)
102.7(6)
108.0(4)
109.4(4)



Table 5.6: Bond lengths and Bond angles of compound 5.3

5.3
Dy(1)-0(12) 2.203(9) Dy(6)-0(49) 2.304(8)
Dy(1)-0(14) 2.244(8) Dy(6)-0(51) 2.304(8)
Dy(1)-0(19) 2.369(9) Dy(6)-0(55) 2.432(10)
Dy(1)-0(62)#1 2.260(13) Dy(6)-0(56) 2.469(8)
Dy(1)-O(64)#1 2.246(9) Dy(6)-0(58) 2.386(13)
Dy(2)-0(1) 2.431(9) Dy(6)-0(63) 2.277(10)
Dy(2)-0(5) 2.449(9) Dy(6)-0(66) 2.477(10)
Dy(2)-0(9) 2.536(9) Dy(6)-0(67) 2.278(14)
Dy(2)-0(13) 2.274(10) Sb(1)-0(1) 1.984(9)
Dy(2)-0(15) 2.310(8) Sb(1)-0(2) 2.003(9)
Dy(2)-0(16) 2.405(11) Sb(1)-0(3) 1.999(9)
Dy(2)-0(17) 2.261(9) Sb(1)-0(4) 1.988(8)
Dy(2)-0(18) 2.304(9) Sb(1)-0(5) 1.995(9)
Dy(3)-0(21) 2.375(10) Sb(2)-0(9) 1.979(10)
Dy(3)-0(22) 2.272(9) Sb(2)-0(1) 1.990(8)
Dy(3)-0(23) 2.284(9) Sb(2)-0(8) 1.998(9)
Dy(3)-0(24) 2.215(9) Sb(2)-0(6) 2.002(9)
Dy(3)-0(25) 2.247(9) Sb(2)-0(7) 2.008(9)
Dy(3)-0(26) 2.245(8) Sb(3)-0(36) 1.988(9)
Dy(4)-0(41) 2.277(10) Sb(3)-0(35) 1.992(9)
Dy(4)-0(32) 2.447(9) Sb(3)-0(34) 1.996(8)
Dy(4)-0(33) 2.424(12) Sb(3)-0(27) 2.006(8)
Dy(4)-0(35) 2.442(9) Sb(3)-0(29) 2.006(8)
Dy(4)-0(36) 2.452(10) Sb(4)-0(35) 1.976(8)
Dy(4)-0(37) 2.305(8) Sb(4)-0(32) 1.982(10)
Dy(4)-O(38) 2.278(10) Sb(4)-0(30) 2.007(10)
Dy(4)-O(40) 2.281(9) Sb(4)-0(39) 2.002(9)
Dy(5)-0(43) 2.247(10) Sb(4)-0(28) 2.019(9)
Dy(5)-0(44) 2.277(10) Sb(5)-0(55) 1.979(9)
Dy(5)-0(45) 2.230(9) Sb(5)-0(66) 1.984(10)
Dy(5)-0(46) 2.252(8) Sb(5)-0(52) 1.986(10)
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Dy(5)-0(47) 2.372(9) Sb(5)-0(50) 2.001(9)

H

Sb(6)-0(56) 1.979(10) Sb(3)-0(35)-Dy(4) | 108.4(3)

P

Sb(6)-0(54) 1.998(8) Sb(5)-0(55)-Sb(6) | 133.7(5)

Sb(6)-0(57) 2.021(9) Sb(6)-0(55)-Dy(6) | 108.4(4)

Sb(1)-0(1)-Dy(2) | 108.4(4)

Sb(1)-0(5)-Dy(2)  107.3(4)

SQ-00)Dy@) Jleesw | |

157



5.6 Analytical and Spectroscopic data

Figure S1: ORTEP view of 5.1 with thermal ellipsoids shown at 30% probability.

Figure S2: ORTEP view of 5.2 with thermal ellipsoids shown at 30% probability.

158



Figure S3: ORTEP view of 5.3 with thermal ellipsoids shown at 30% probability.
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Future Scope of the Thesis

In our lab we have been working on synthesis of organostibonic acids and their reactivity studies
towards different ligand systems. Organostibonic acids are amorphous colorless solids mostly
insoluble in organic solvents and their structural elucidation have been a challenge for
researchers for a long time. We have synthesised a series of soluble stibonic acids and reported a
number of their complex with different protic ligands. Few of them are discussed in the
introduction part of the thesis. Since, solubility in organic solvents makes it easy to study the
biological activities. In addition, there are already literature reports of biological activities of
stibonic acids. Anticancer activities of arylstibonic acids and in vitro biological activities of these
arylstibonic acids can be investigated and they have shown promising potential towards some
specific cancer cell lines. The study can be further extended to the mechanistic pathways
involved in their course of activity on biological systems. Moreover, these arylstibonic acids can

be tested for other pathological conditions.

Arylstibonic acids partial condensation reactions with phosphonic acids lead to formation of
tetranuclear organoantimony oxo clusters. This clusters acts as pro-ligands and easily coordinate
with transition metal salts in the presence of base under solvothermal conditions. By employing
this pro-ligand method we can easily synthesize titanium oxo clusters. These titanium oxo
clusters are display interesting electrochemical properties and we can tune easily Ti-O band gap

modifications in titanium oxo clusters.

By using similar synthetic strategy we plan to synthesize lanthanide metal clusters with mixed
antimonate-phosphonate pro-ligand under hydrothermal conditions. In this way we are
successfully synthesized first arylstibonic acid-lanthanides coordination polymers and ring type
architecture. These Lanthanide antimonate phosphonate clusters shows weak magnetism and
further antimonate-phosphonate pro-ligand can treated with different lanthanide metal ions

resulting product may exhibit interesting physical properties.
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